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ABSTRACT
The Gazelle Formation crops out over an area of 22 x 8 kilometers 
with a stratigraphic thickness of at least 1.25 kilometers. The Gazelle 
Formation consists  of shale, siltstone, siliceous mudstone, volcaniclastic 
sands tone , and chert-rich flysch, in decreasing order of abundance. 
Sediment gravity flows were the  dominant sedimentary process during 
deposition of the  Gazelle Formation; hemipelagic settling provided 
background sedimentation. The Gazelle is characterized by tabular stra ta  
tha t are laterally continuous for several kilometers, an abundance of fine­
grained lithologies low in the section, an overall coarsening-upward trend, 
and an upsection decrease in deformation. The Gazelle overlies the  Gregg 
Ranch Complex (melange) which crops out on both the northw est and 
eastern  boundaries of the basin. Locally, the con tact betw een the  Gazelle 
and the  Gregg Ranch appears to be an unconformity. Petrographic analysis 
of sands tones  from the Gazelle reveal tha t these  strata were derived from 
both magmatic arc and subduction complex sources. These petrographic 
data are consis tent with regional geological relationships indicating tha t the 
Gazelle Formation w as deposited in some portion of an arc-trench system .
It is unlikely tha t the Gazelle is part of a forearc basin because  of the 
dearth of coarse detritus, the absence of shallow marine sedim ents 
upsection in the  Gazelle, and the fact tha t  the  Gazelle overlies melange and 
not oceanic crust. Similarly, it seem s unlikely tha t the Gazelle sedim ents 
w ere deposited as a trench-fill because it was not deposited on older pelagic 
sedim ents. The sedimentological, stratigraphic, petrologic, and structural 
a spec ts  of the  Gazelle Formation provide convincing evidence th a t  the
Gazelle Formation w as deposited as trench-slope basin fill. This 
interpretation is consistent with the regional tectonic framework and the 
fact tha t the  characteristics of the Gazelle Formation match those  of modern 
and ancient trench-slope basins worldwide.
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INTRODUCTION
1
Recent detailed studies have provided significant insight regarding the 
paleotectonic setting of the  Eastern Klamath Belt of northern California (Fig. 1). 
Peacock and Norris (1989) have interpreted the  Central Metamorphic Belt as an 
east-dipping Devonian subduction zone, and Miller (1989) has dem onstrated 
tha t  the  Devonian-Jurassic Redding terrane represents a volcanic arc terrane 
th a t  evolved off the  western  edge of North America above an east-dipping 
subduction zone. The Gazelle Formation is the focus of this s tudy  and is part 
of the  Yreka terrane which lies between the Devonian subduction zone of the 
Central Metamorphic Belt and the coeval volcanic arc of the  Redding terrane. 
This regional tectonic framework indicates tha t the  Gazelle Formation w as 
deposited in some portion of an arc-trench system.
The northern part of the  Gazelle Formation w as the  focus of a detailed 
geologic s tudy conducted by Cram-Barry (1991). Cram-Barry speculated tha t 
the  Gazelle w as deposited as a portion of a radial submarine fan in either a 
back-arc or a trench-slope environment. This study focuses  on the  southern 
portion of the  Gazelle Formation with the purpose of establishing the  
paleotectonic setting of the Gazelle and to determine the  ex tent to which a 
Devonian arc-trench system  has been preserved. This w as accomplished by:
1. Reconstructing the  structurally disrupted internal stratigraphy of the 
southern portion of the  Gazelle Formation;
2. Analyzing petrologic, stratigraphic, and sedimentologic data to 
establish the  provenance and depositional m echanisms of the  strata  
within the  Gazelle;
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3
3. Evaluating the nature of the contac t be tw een the Gazelle and 
the underlying melange of the Gregg Ranch Complex;
4. Comparing the  characteristics of the  Gazelle Formation with 
those  of well documented sedimentary sequences  deposited in 
arc-trench settings; and
5. Assessing the relationship between the Gazelle Formation and 
the established regional tectonic framework.
This s tudy dem onstrates that, based on the stratigraphic and 
sedimentologic evidence, the  Gazelle Formation w as deposited in a trench-slope 
basin, and tha t  the  stratigraphic succession within the Gazelle Formation 
records the  evolution of a Devonian subduction complex. There is little 
evidence verifying tha t the  Gazelle w as  deposited as  part of a radial submarine 
fan complex as suggested by Cram-Barry (1991). Features associated  with 
radial submarine fans include channelization and associated overbank and levee 
deposits  (Normark, 1974). Strata within the Gazelle Formation are not 
significantly channelized, contain no apparent overbank or levee deposits, are 
traceable  for up to 4  kilometers, and exhibit a sheet-like geometry. Detailed 
analysis of the  sedimentological and stratigraphic aspec ts  of the  Gazelle 
Formation indicate tha t most the  strata within the  Gazelle w ere  deposited by 
p rocesses  associated with unconfined turbidity currents unrelated to  submarine 
fan development.
4
REGIONAL GEOLOGY
The Klamath Mountains geologic province is a west-facing arcuate 
region located in northern California and southw estern  Oregon. The 
province is an aggregate of several distinct terranes which are subdivided 
into four main lithotectonic units (Fig. 1a):
1. the eastern Klamath Belt,
2. the  Central Metamorphic Belt,
3. the  western  Paleozoic and Triassic Belt, and
4. the western Jurassic Belt.
These lithotectonic units are composed of fragments of oceanic crust, 
volcanic island arcs, mdlange, and sedimentary rocks tha t  form an 
eastward-dipping imbricate sequence that youngs to the  w es t  (Irwin, 1989).
The eastern Klamath Belt (EKB) consists of Paleozoic rocks of the  
Yreka, Trinity, and Redding terranes (Fig. 1b). The Redding terrane consists 
of volcanic and sedimentary strata tha t record prolonged volcanic-arc 
magmatism and sedimentation from Early Devonian to Middle Jurassic  time 
(Miller, 1989). The Redding terrane belongs to a regionally extensive belt of 
te rranes thought to  have formed in a single northeast Pacific fringing 
volcanic arc during late Paleozoic time (Miller, 1987).
The Trinity terrane is a large amalgamation of ultramafic and gabbroic 
rocks thought to be, at least in part, a dismembered ophiolite (Lindsley- 
Griffin, 1977; Lindsley-Griffin, 1991). Ideally, an ophiolitic sequence  
consists  of peridotite, gabbro, diabase, basalt, and pelagic sedimentary 
cover (Coleman, 1971). The Trinity terrane is ophiolitic in nature in tha t  it 
consis ts  of the appropriate mafic and ultramafic rocks, but the  "ophiolitic''
5
stratigraphy is preserved only locally in fault blocks along the northwestern 
margin of the  terrane (Lindsley-Griffin, 1991).
Until recently the  Trinity w as considered to be Ordovician in age 
(Lindsley-Griffin, 1977), but U-Pb isotopic data indicates tha t the  Trinity also 
contains Early Cambrian rocks (Wallin et a/., 1988). This evidence suggests  
th a t  the  Trinity consists of amalgamated, genetically unrelated rocks, and is 
not a single slice of oceanic crust (Wallin et a!., 1988; Wallin, 1990).
The Yreka terrane consists of the Sissel Gulch Graywacke, the  Duzel 
Phyllite, the  Schulmeyer Gulch sequence, the Moffett Creek Formation, the 
Antelope Mountain Quartzite, the Gregg Ranch Complex, and the Gazelle 
Formation (Table 1). The Gazelle Formation is the  focus of this s tudy and 
thus  o ther metasedimentary rocks within the Yreka terrane are discussed 
only briefly below.
The unfossiliferous Sissel Gulch Graywacke is the  structurally lowest 
unit of the  Yreka terrane, and consists of feldspatholithic, volcaniclastic 
sands tones  tha t have undergone greenschist metamorphism. The maximum 
age of the  Sissel Gulch Graywacke is Lower Ordovician - Early Silurian 
based on isotopic data from detrital zircon (Wallin, 1988).
The Duzel Phyllite conformably overlies the  Sissel Gulch and consists 
of calcareous phyllitic siltstone, sandy siltstone, phyllite, and minor silty, 
fine-grained sandstone. The Duzel has been m etamorphosed to  the  lower 
greenschist facies, and has yielded Devonian isotopic ages  of metamorphism 
(Cashman, 1980). The only age constraint for the Duzel is tha t it predates 
the  Devonian age of metamorphism. Isotopic data derived from detrital 
zircon indicate tha t the  Duzel w as derived from Precambrian (2 .04  Ga.) 
rocks (Wallin, 1988).
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The Moffett Creek Formation is composed of shale, m udstone, gray 
siltstone tha t is commonly calcareous, and sandstone , with minor am ounts 
of bedded chert, siliceous mudstone, and limestone (Potter et a!., 1977). 
With rare exceptions, the  Moffett Creek is in fault con tac t  with other rock 
units (Potter et at., 1977). The age of the Moffett Creek is poorly 
constrained: pre-Devonian radiolaria (Irwin eta/. ,  1978) and Silurian 
brachiopods in a limestone clast within the Moffett Creek (Potter, 1977) 
have been recovered from Moffett Creek. Detrital zircons within the  Moffett 
Creek have an isotopic signature similar to those of the  Duzel Phyllite 
(Wallin, 1988). This isotopic similarity suggests  tha t the  Duzel and the 
Moffett Creek were derived from a single source, and indicates th a t  these  
units were  depositional facies (Wallin, 1988).
The Schulmeyer Gulch sequence contains quartz sandstone , chert, 
phyllite, limestone, and a lens of metavolcanic rock with interlayered 
limestone and quartz sandstone. Some quartz sandstones  and chert are 
"identical" to those in the  Antelope Mountain Quartzite, and som e phyllite is 
similar to  tha t  of the  Duzel Phyllite (Hotz, 1977). Colorless mica from a 
quartzofeldspathic "semischist" has yielded a K-Ar age of 43 2  Ma. (Hotz, 
1977). The Schulmeyer Gulch sequence displays no apparent organized 
arrangem ent of rock types, suggesting that it may be a mdlange (Hotz,
1977; Potter eta/. ,  1977).
The Antelope Mountain Quartzite structurally overlies the  Moffett 
Creek Formation and is composed of poorly- to moderately-sorted, medium- 
and coarse-grained quartzite, minor beds of red and green shale, a t least 
one bed of pebble conglomerate, and eight meters of chert near the  top of 
the  section (Potter et  a/., 1977). The maximum age of the  Antelope
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Mountain Quartzite is early Proterozoic based on isotopic data from detrital 
zircon (Wallin, 1988).
The Gregg Ranch Complex is a mdlange consisting of exotic blocks of 
metamorphic, igneous, and sedimentary rocks, mixed with native 
sedim entary blocks, and matrix (Lindsley-Griffin et  a/., 1991). The 
maximum age of the Gregg Ranch complex is Early Devonian based on fossil 
evidence from the youngest blocks within the Gregg Ranch (Lindsley-Griffin 
eta / . ,  1991). With the exception of the  Gazelle Formation, the  Gregg 
Ranch Complex is the structurally highest unit within the  Yreka terrane.
PREVIOUS WORK
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The Gazelle Formation w as first named by Wells et al. (1959). They 
described the Gazelle as hard, fine-grained, siliceous graywacke; dark-gray 
to  black siltstone and mudstone; and siliceous and feldspathic grit. They 
also noted tha t  the  Gazelle contained noticeable am ounts of discontinuous 
chert conglomerate, limestone, and limestone conglomerate. The usage  of 
the  term "Gazelle Formation" has been revised substantially in subsequen t 
literature as discussed below.
Potter et  al. (1977) subdivided the Gazelle Formation into three 
members. They described members one and three as highly faulted, 
diverse, laterally restricted lithofacies. An Early Silurian to  Early Devonian 
age w as assigned to members one and three, based on paleontological 
evidence. Lindsley-Griffin and Griffin (1983) interpreted members one and 
three  of Potter et  al. (1977) as melange.
Member tw o  of Potter et al. (1977) is described as  conformably 
overlying members one and three. Member tw o consists  of siliceous shale, 
mudstone, and siltstone interbedded with thin- to  thick-bedded 
volcaniclastic sandstones. An Early Devonian age w as  assigned to  member 
tw o, based on conodont microfossils found in a single, six-pound calcareous 
nodule collected in the  northern portion of the  basin (Savage, 1977). 
Lindsley-Griffin (1982) reports a similar age (discussed below) from tw o 
additional conodont localities also discovered in the  northern part of the  
Gazelle.
Lindsley-Griffin et al. (1991) redefined the Gazelle Formation. They 
restricted the  name Gazelle Formation to the  continuous beds of siliciclastic 
shales, m udstones, and siltstones, and the volcaniclastic sandstones  as
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defined by Wells et  al. (1959) (Potter's member 2). They also assign the  
name "Gregg Ranch Complex" to the disrupted and lithologically diverse 
units (Potter's members one and three) tha t underlie their "Gazelle 
Formation". Lindsley-Griffin et al. (1991) describe the  con tac t be tw een  the 
Gazelle Formation and the Gregg Ranch Complex as "structural", "tectonic 
rather than stratigraphic", and "depositional with a locally sheared lower 
contac t" . The definition of Lindsley-Griffin et al. (1991) will be used 
throughout this report.
PURPOSE AND METHODS
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Statem ent of the  problem
The Gazelle Formation is composed of Devonian eugeoclinal rocks 
th a t  crop out a t the  eastern edge of the Yreka terrane in northern California 
(Fig. 2). The tectonic setting of the basin in which the  Gazelle w as 
deposited is not well understood. Regional and local evidence sugges ts  tha t 
the  Gazelle Formation w as deposited in som e portion of an arc-trench 
system . One goal of this research was to ascertain w hether or not the  
Gazelle w as deposited as forearc, slope, or trench-fill sediments. This 
project is part of a larger, ongoing effort to establish the  tectonic setting of 
the  Gazelle Formation and further develop our understanding of Paleozoic 
paleogeography of w estern  North America.
Purpose
The purpose of this investigation w as to:
1. Produce a detailed geologic map of the  southern portion of the 
Gazelle Formation;
2. Delineate the  internal stratigraphy of the  Gazelle Formation;
3. Interpret depositional mechanisms for stra ta  within the  Gazelle;
4. Evaluate the  nature of the con tac t betw een the Gazelle 
Formation and the subjacent Gregg Ranch complex;
5. Determine the  paleotectonic setting of the Gazelle.
Methods
Geologic field mapping, sample collection, and stratigraphic section 
m easurem ent were conducted in 1990 from June  15 through July 21 and in
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Figure 2. Map showing Gazelle Formation and the Gregg Ranch Complex. NVCC=Noyes 
Valley Cattle company corrals; GM=Gazelle Mountain; PM=Parker Monument.
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1991 from May 26  until August 3. The area mapped occupies the  eas t  one- 
third of R8W T41N, and the w est % of R7W T41N (Fig. 3). Geologic 
information w as  placed on a 1 :10 ,000  base map enlarged from 7.5 minute 
USGS quadrangles. To precisely locate points where geologic data were 
collected, a combination of com pass bearings taken from familiar land marks 
and a digital altimeter (Ultimeter) accurate  to ± 1 0  feet were used.
Compass bearings were "shot" using a Brunton hand transit.
Mappable stratigraphic units were walked along their entire lateral 
ex ten t and precise con tac t elevations were located using the  altimeter.
Most of the  s tudy area w as mapped twice, affirming or making corrections 
to observations made during the 1990 field season. Problematic spots  
where poor exposure and (or) structural complexity masked the geologic 
complexity were mapped as many as six times.
More than 100 rock samples were collected; representatives of all 
lithotypes were made into thin sections for petrographic analysis. The 
Gazzi-Dickinson point counting method w as utilized to  determine the  detrital 
modes of coarse clastic rocks (Gazzi, 1966; Dickinson, 1970). Ten thin 
sections from the volcaniclastic sandstone petrofacies and five thin sections 
from the chert rock fragment petrofacies (see descriptions of individual 
petrofacies below) were evaluated to establish detrital modes; a minimum of 
47 5  "points" were counted per slide. Sample locations for thin sections 
used in petrologic analysis are shown in Appendix 1 and Plate 1.
Calcareous concretions and other carbonate rocks were digested in a 
15%  formic acid solution to extricate microfossils. Insoluble residues were 
sieved, and residues < 0 .8 5 m m  but > 0 . 075m m  were collected. Sieved 
insoluble residues were split using a sodium m eta-tungstate  solution with a
14
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specific gravity of 2.8. Both "heavy" and "light" fractions w ere examined 
for fossil content.
Five stratigraphic sections were measured using a 1.5m  J a c o b 's  staff 
used in combination with a Brunton hand transit to adjust for local bed 
attitudes. In areas where lack of exposure made direct stratigraphic 
m easurem ent impractical, th icknesses of strata  were calculated using dip 
m easurem ents, areal extent of outcrops perpendicular to strike, and 
trigonometric calculations.
Two "pseudo-cores" (~2.5m each) of laminated siliceous mudstone 
w ere constructed by collecting and labeling rocks in continuous stratigraphic 
sequence. These rocks were cut to  enhance the  visibility of 
sedimentological features, and then trimmed to fit into core boxes. Detailed 
(centimeter scale) measured sections were constructed of the  pseudo-cores. 
Information obtained from the measured sections and from examination of 
sedimentary structures has been useful in determining the depositional 
mechanism for siliceous mudstones within the  Gazelle (discussed in detail 
below).
Wherever visible, sedimentary structures (asymmetrical ripples, flame 
structures, and basal scour marks) were used as facing indicators to 
determine the  facing direction of stratigraphic sequences. The overturned 
nature of the M eadow Gulch syncline (described below) w as  determined by 
examination of scour marks and asymmetrical ripple laminae within a 
siliceous mudstone bed. The mudstone was collected after marking its 
outcrop orientation, then cut and polished to improve the  visibility of 
sedimentary structures. It w as determined tha t scour marks are concave
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upward and tha t ripple laminae become tangential toward the  top of the  
outcrop, verifying that the syncline is overturned (Fig. 4).
Terminology
When making reference to bed thickness (i.e. thick-bedded, thin- 
bedded), the  definition of Ingram (1954) will be used throughout this report. 
Ingram defines beds thickness as:
• Very thick, > 1 meter;
• Thick, 30  to 100 centimeters;
• Medium, 10 to 30  centimeters;
• Thin, 3 to 10 centimeters;
• Very thin, 1 to 3 centimeters;
• Laminae, <  1 centimeter.
(4a-1)
(4a-2)-
Figure 4a. Schematic representation of scour surfaces: (a-1) shows scours that are convex 
down (right side up); (b-2) shows scours that are convex upward (overturned).
(4b-2)
Figure 4b. Schematic representation of asymmetrical ripples: (a-1) shows ripple laminae 
becoming tangential toward the bottom (right side up); (b-1) shows ripple laminae becoming 
tangential toward the top (overturned).
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STRATIGRAPHY OF THE SOUTHERN GAZELLE FORMATION 
Introduction
The Gazelle Formation consists of eugeoclinal strata  tha t crop out 
over an area of approximately 8 x  22 kilometers with a stratigraphic 
th ickness of a t least 1250 meters. In the  southern part of the  formation, 
s tra ta  within the  Gazelle are laterally traceable over several kilometers and 
are com posed of (in decreasing percentage of total volume): shale, siltstone, 
siliceous mudstone, chert-rich flysch, volcaniclastic sandstone , and rare 
calcareous nodules and lenses. Volcaniclastic sandstones  typically occur in 
fining- and thinning-upward sequences superimposed upon the  overall 
coarsening-upward vertical succession of the Gazelle.
No discrete marker beds are present in the  southern part of the  
Gazelle. Volcaniclastic sandstone sequences are the most conspicuous, 
laterally traceable outcrops, and provided the basis for geologic mapping 
and correlation of strata. Some lateral variability occurs within sequences  of 
volcaniclastic sandstones, but based on comparison of measured sections 
and field checking, stratigraphic correlations were accomplished with a high 
degree of confidence. The "Meadow Gulch" flysch, one of the  tw o  
distinctive chert-rich flysch sequences, has also been useful in correlating 
s tra ta  in the  southern part of the Gazelle.
Age
The Gazelle Formation is sparsely fossilferous, and contains no 
macrofossils. The age of the Gazelle is constrained as Early to Middle(?) 
Devonian based on evidence from three conodont localities discovered in 
the  northernm ost part of the formation (Savage, 1977; Lindsley-Griffin,
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1982). In the south 14 of section 34, T42N R7W, late Siegenian to  middle 
Emsian (Early Devonian) conodonts were discovered in a calcareous nodule 
em bedded in shale (Savage, 1977). Two other conodont localities were 
discovered in the  sam e township and range:
1. In the  north ]4 of section 34, Emsian (or younger) 
conodonts were recovered from a limestone float block 
(Lindsley-Griffin, 1982, p. 402); and
2. In the north 1/2 of section 27, Emsian to Middle Devonian 
conodonts were recovered from a calcareous sandstone  
(Lindsley-Griffin, 1982, p. 402).
During the  course of this study, I a ttem pted to establish a 
biostratigraphy for the southern portion of the Gazelle. As explained earlier, 
several hundred kilograms (19 samples) of calcareous nodules and samples 
from calcareous lenses were collected and then digested in a 15%  solution 
of formic acid. Insoluble residues were separated in heavy liquids and 
examined for microfossils. No conodonts were recovered, but many 
nondiagnostic radiolaria and sponge spicules were collected.
External Contacts
At its northwest, northern, and northeastern margins, the  Gazelle 
overlies mdlange of the  Gregg Ranch Complex. The Gregg Ranch Complex 
contains melange blocks tha t contain fauna ranging in age from Middle 
Ordovician to Early Devonian (Lindsley-Griffin et at., 1991), placing a 
maximum age of formation of the mdlange at Early Devonian. The con tact 
be tw een the Gazelle and the Gregg Ranch is described as both structural 
and depositional (Lindsley-Griffin et a!., 1991). In the  area of Parker
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M onument and at the northwest margin of the  formation (areas mapped for 
this study), the  contact between the Gazelle and the Gregg Ranch appears 
to be depositional. The evidence for a depositional con tac t is:
1. The lack of disrupted stra ta  within the  Gazelle;
2. The fact tha t at the above mentioned locations, Gazelle 
strata  strike parallel to the Gregg Ranch/Gazelle contact, 
suggesting that the trace of the con tac t is an unconformity; 
and
3. In the area of Parker Monument, Devonian!?) volcanic rocks 
lie on top of the Gregg Ranch Complex, and are interbedded 
with the  Gazelle.
The sou thw estern  boundary of the Gazelle is structurally overlain by the 
Moffett Creek Formation (Fig. 5).
Litholoaies
Six distinct lithologies occur within the  Gazelle Formation:
1. Shale is the most abundant rock type and comprises -3 0 %  
of the strata in the southern Gazelle. Shales are black to 
blackish-gray, unfossiliferous, and are commonly fractured 
into pencils. Shales occur in sequences  up to 175 meters 
thick and are frequently intercalated with thin beds of 
siltstone and siliceous mudstone, and rare, thin beds of 
volcaniclastic sandstone.
2. Siltstones comprise -2 7 %  of the  strata, and occur in 
sequences up to 125 meters thick. Siltstones are grayish- 
black, thin- to medium-bedded, and are structureless or
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Figure 5. Generalized geologic map of the Gazelle Formation showing location of measured 
sections, and important stratigraphic sequences. PM=Parker Monument, GM=Gazelle 
Mountain, M G F=M eadow  Gulch Flysch, other abbreviations explained in text.
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parallel laminated. Laminae are millimeter-scale, and defined 
by grain size (up to very fine-sand) and lighter color. 
Sedimentary structures th a t  occur within siltstones include: 
asymmetrical ripples, flame structures, and convolute 
laminae. Siltstone sequences are locally intercalated with 
thin to medium beds of shale and siliceous mudstone, and 
rare, thin beds of volcaniclastic sandstone.
3. Approximately 17% of the  strata  are siliceous m udstones. 
Siliceous mudstones are black, locally contain radiolaria and 
sponge spicules, are thin- to medium-bedded, and 
structureless or parallel laminated. Laminae are millimeter- 
scale and defined by silt-sized grains and lighter color. 
Sedimentary structures tha t occur within siliceous 
m udstones include: asymmetrical ripples, flame structures, 
and convolute laminae. Siliceous m udstones occur in 
sequences  up to 45 meters thick with thin-beds of normally 
graded sandstone and ungraded, matrix-supported breccias 
occurring locally.
4. There are two flysch sequences within the study area. The 
Parker Monument flysch is com posed of sequences  of 
normally graded cherty grit, sandstone , siltstone, and shale. 
The Meadow Gulch flysch also contains normally graded 
cherty grit, but consists principally of sequences of 
sandstone , siltstone, siliceous m udstone, and shale. A 
distinctive characteristic of the  M eadow Gulch flysch is that 
som e of the  sandstones contain fossils tha t appear to  be a
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plant species. These Plant fossils are grass-like, but are Y- 
shaped, and typically one millimeter wide and up to  one 
centimeter long.
5. Volcaniclastic sandstone sequences  comprise ~12%  of 
strata in the southern part of the  Gazelle. Volcaniclastic 
sandstones are commonly greenish-gray, thin- to  thick- 
bedded, and structureless or parallel stratified. Mappable 
sandstone sequences are up to 80  meters thick and are 
composed of individual beds up to three m eters thick and 
amalgamated units up to 16 meters thick with intervening 
units of siltstone and (or) siliceous m udstone up to  18 
meters thick. Volcaniclastic sandstones  typically thin and 
fine upward, and often contain rip-up clasts of underlying 
strata  at their bases.
6. Calcareous nodules and lenses are relatively rare in the  
southern part of the  Gazelle, and comprise <  <  1 % of the  
strata. Lenses of calcareous rocks occur in beds up to  tw o 
meters thick with a lateral extent of up to 10 m eters, and 
often exhibit parallel stratification. Calcareous nodules and 
lenses occur most frequently within shale sequences , and 
are often coincident with Mesozoic(?) dikes. Calcareous 
lithologies are similar in tha t all varieties exhibit a distinctive 
rust colored weathering rind making them easy  to  recognize 
in the field; fresh surfaces are black. Calcareous lithologies 
are composed of micrite or sparite and contain a relatively 
high percentage of siliceous com ponents including radiolaria
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and sponge spicules. Accessory minerals include pyrite, 
dolomite, barite, and an unidentified green mineral. 
Mesozoic(?) dikes of intermediate composition occur sporadically throughout 
the  Gazelle Formation.
Contacts
The most commonly observed contact relationships occurring within 
the  southern  part of the Gazelle Formation are listed below:
1. Contacts between individual volcaniclastic sands tone  units 
and the underlying strata are always sharp and often 
demonstrably erosional as evidenced by rip-up clasts  of 
subjacent strata at the base of many sandstones . The 
contacts  between volcaniclastic sandstones  and overlying 
strata are typically gradational; volcaniclastic sands tones  
generally grade upward into siltstone and som etim es silty 
mudstone.
2. Where siltstones overlie fine-grained lithologies (shale and 
siliceous mudstone) the  basal contac t is sharp. The con tac t 
between siltstones and the overlying strata  is generally 
gradational, with siltstones grading into silty siliceous 
mudstone or silty shale.
3. It is not uncommon to  see  alternating beds (10 to  20 
centimeters thick) of structureless siliceous m udstone and 
shale with sharp contacts  above and below. The 
occurrence of these  siliceous m udstone/shale couplets is 
interpreted as the interruption of "background" or
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hemipelagic sedimentation (structureless siliceous 
mudstones) by fine grained distal turbidites (shales).
Correlation of strata
Structural complications have made stratigraphic correlations a 
challenging task. But once an understanding of the  structural geology of 
the  Gazelle Formation w as reached (explained in detail below) correlation of 
stra ta  w as reasonably straightforward.
Two flysch sequences occur within the s tudy area. The Parker 
Monument flysch crops out at only one location (immediately below Parker 
Monument) near the base of the formation. The M eadow Gulch flysch is 
the  stratigraphically highest unit in the area mapped, and crops out in the 
area of M eadow Gulch and immediately south of a high angle fault tha t 
bisects the  southern Gazelle (Fig. 5). Bifurcating plant debris is present at 
both locations providing evidence for correlation of these  outcrops.
Two, and possibly three volcaniclastic sandstone  sequences  (Ss-1, 
Ss-2, and Ss-3) crop out in the study area (Fig. 5). The lowermost of these  
sandstones  (Ss-1) is observed only at one location at the w estern  margin of 
the  formation, and apparently is not correlative with strata elsewhere. Ss-2 
is a prominent feature of the "Meadow Gulch" syncline (described in detail 
later). Outcrops of Ss-2 were correlated by walking the  strata  along their 
entire lateral extent. Ss-3 is the uppermost volcaniclastic sandstone 
sequence, occurring a t a stratigraphic horizon ~20 to 30  meters below the 
M eadow Gulch flysch. Ss-3 crops out at the  western  limb of the  M eadow 
Gulch syncline and is apparently buried beneath the  alluvium of M eadow 
Gulch and colluvium at the eastern limb of the syncline. The volcaniclastic
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sandstone  sequence  that crops out south of the  fault tha t bisects the 
southern Gazelle appears to be correlative with the  Ss-3 sequence. This
correlation com es from tw o separate  pieces of evidence:
1. Comparison of measured sections TS1 and TS2 (Fig. 6) 
(detailed sections appear in appendix A); and
2. The distinctive plant bearing sandstones tha t occur within 
the  Meadow Gulch flysch occur above these  sandstones  
both south, and north of the  fault.
The locations of TS1 and TS2 are shown in figure 5. Because of the
lack of discrete marker beds, the  only criteria linking TS1 and TS2 are 
similarities in vertical succession, and the fact that, in both cases, 
sands tone  sequences  are overlain by fine-grained lithologies which are in 
turn overlain by plant bearing sandstones  of the Meadow Gulch flysch. A 
composite stratigraphic column of the southern part of the  Gazelle 
Formation is shown in Figure 7. The column represents a conformable 
stratigraphic sequence from the base of the Gazelle in the  area of Parker 
Monument to - 5 0 0  meters south of Gazelle Mountain. The column is a 
com posite  of measured sections and sections estimated by trigonometric 
calculation.
Thickness 
in meters
Ts1
50
5- yr-40
40
30
30
■ • • i
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Ts2
Figure 6. Suggested correlation of sandstone sequences north (TS2) and south (TS1) 
of fault 2. Location of measured sections is shown in figure 5.
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STRUCTURE OF THE SOUTHERN GAZELLE FORMATION
Introduction
One of the  objectives of this study w as the delineation of the 
internal stratigraphy of the Gazelle Formation. To accomplish this 
objective, a reasonable understanding of the  post-depositional structural 
deformation of the  Gazelle w as required. Tight mesoscale and map-scale 
folds cu t by high angle faults in conjunction with locally poor exposure 
have m ade comprehension of the  geologic structures present within the 
Gazelle one of the  more challenging aspec ts  of this study. In spite of the  
complex structural aspects  of the southern part of the  Gazelle, important 
stratigraphic correlations were determined.
Description of structures
Two general structural trends are observed in association with the  
Gazelle Formation:
1. Gazelle strata  become progressively less deformed up 
section (Wallin and Trabert, 1992); and
2. Structural deformation decreases from south  to north.
Numerous geologic structures occur within the southern part of the
Gazelle. Because of the lack of kinematic indicators, it is impossible to 
determine the  slip direction of high angle faults. This lack of evidence 
indicating slip direction is why high angle faults are described in term s of 
separation. The most noteworthy geologic structures mapped in the  
southern  part of the  Gazelle are depicted in figure 8, and listed as they 
occur in map view (from north to south):
1. Syncline-1, or the "Meadow Gulch" syncline;
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Figure 8. Generalized geologic map of the Gazelle Formation showing the significant structural 
aspects of the basin. PM=Parker Monument, GM=Gazelle Mountain, other abbreviations 
explained in text.
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2. Fault-1 (type-1) is a northw est trending high angle fault 
tha t exhibits right separation;
3. Fault-2 (type-2) northwest trending high angle fault tha t 
exhibits left separation;
4. AS-1 is a tight anticline/syncline fold pair;
5. Syncline-2 is a syncline tha t occurs south of the  area
mapped during this study and will not be discussed here.
The M eadow Gulch syncline (Syncline-1) is an asymmetrical tight 
fold tha t  is overturned. Evidence for the facing direction of the  stra ta  
within syncline-1 is provided by analysis of asymmetrical ripples within 
silty laminae of a siliceous mudstone bed and the  fac t th a t  the
volcaniclastic sands tones  associated with the western  limb of syncline-1
display coarsening- and thickening-upward sequences  which is the inverse 
of those  exhibited by volcaniclastic sandstones a t the  eastern  limb of the 
syncline.
The stra ta  of Syncline-1 are overturned north of fault-1. Fault-1 is 
unlike other high angle structures in the lower portion of the  Gazelle in 
tha t it exhibits right separation. All other high angle faults mapped in the  
lower Gazelle exhibit left separation. Fault-1 separa tes  the  weakly tilted, 
upright strata  of w estern  limb of syncline-1 from the overturned stra ta  of 
the  fold, and could be a transverse footwall structure tha t is genetically 
related to the  east-vergent thrusting of the Moffett Creek Formation over 
the  Gazelle.
A map-scale "parasitic" fold occurs within the  upright strata  of 
syncline-1 immediately south of fault-1 near the  w estern  margin of the
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formation. Syncline-1 is also cut by several type-2 faults with 
stratigraphic offsets of up to 12 meters.
Fault-2 has a significant, but undetermined am ount of offset (no 
piercing points were identified). Fault-2 cuts the  nose of syncline-1 and is 
important in tha t it forms a "boundary" dividing the Gazelle Formation into 
tw o notably different structural zones. North of fault-2, lie the  relatively 
coherent stra ta  of the Meadow Gulch syncline; south of fault-2 
reconstruction of the  stratigraphic sequence is som ew hat problematic. 
Here, Gazelle stra ta  are woven into the  hills in tight mesoscale and map- 
scale folds tha t  are frequently offset by w est-northw est and northw est 
trending type-2 high angle faults. Because of the extreme folding, bed 
attitudes are variable ranging from gently dipping to vertical to locally 
overturned. AS-1 is the  most significant of the  tight folds present south 
of fault-2 and is interpreted as the southern extension of syncline-1 tha t 
has been severed from the rest of the fold by fault-2. The strata  tha t crop 
out along the  western  margin of the Gazelle south of fault-2 are som e of 
the  most structurally deformed rocks in the  basin.
Correlation of strata
A distinctive "flysch" sequence (the Meadow Gulch Flysch) is the  
stratigraphically highest unit exposed in the  southern portion of the 
Gazelle within the  study area. Sandstone beds within the  flysch contain 
fossil debris tha t appears to be a species of branching plant. W here they 
occur, these  fossil bearing sandstones have proven useful for stratigraphic 
correlation throughout the  southern portion of the  Gazelle.
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At least tw o, and possibly three, volcaniclastic sandstone 
sequences  lie stratigraphically below the  Meadow Gulch flysch:
1. Ss-3 is the uppermost sandstone  in the  lower portion of 
the  Gazelle and forms prominent cliffs on the  hills w es t  of 
M eadow Gulch.
2. Ss-2 lies stratigraphically below Ss-3, and forms 
conspicuous cliffs on the  hills sou theast of the  Noyes 
Valley Cattle Company corrals.
3. Ss-1 crops out on only one hill a t the  w estern  margin of 
the  Gazelle where strata  of the Meadow Gulch syncline 
are overturned. It is possible tha t  Ss-1 is correlative with 
Ss-2, but structural complexity and poor exposure make 
correlations difficult.
Because they are the most laterally continuous rocks in the  
southern  portion of the  Gazelle, sequences of volcaniclastic sands tones  
w ere aw arded  special attention during field mapping. W here possible, 
sands tones  were examined along their entire lateral extent. Stratigraphic 
sections w ere measured at several locations where strata  above and 
below the  volcaniclastic sandstones were exposed. In areas w here  only 
the  sands tones  were exposed, con tac ts  for subjacent and overlying strata 
were placed on the map based on projections from areas w here these  
s tra ta  are exposed.
North of fault-2, correlation of Ss-2 from the western  limb of 
syncline-1 to the  eastern limb of the syncline w as accomplished by 
walking the  outcrop. Ss-3 is well exposed at the w estern limb of syncline- 
1, but is apparently buried beneath the alluvium of Meadow Gulch and
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colluvium at the  eastern limb of the syncline. The stratigraphic position of 
the  volcaniclastic sandstones tha t crop out approximately 0 .5km  
so u th w es t  of Gazelle Mountain suggests  tha t these  sandstones  are 
correlative with Ss-3 (Fig. 8).
As s ta ted  above, correlation of strata  north to south across  fault-2 
is som ew ha t problematic. However, the volcaniclastic sands tone  
sequence  tha t defines the tight anticline/syncline (AS-1) fold pair is 
demonstrably correlative with the Ss-3 sequence. The following evidence 
supports  this correlation:
1. The stratigraphic sections measured through the 
volcaniclastic sandstone sequence of Ss-3 a t the  western  
limb of syncline-1, and the volcaniclastic sands tone  
sequence the crops out south of fault 2 are comparable 
(Fig. 6);
2. The strata tha t lie stratigraphically above the  sandstones  
of AS-1 are identical to those  strata  tha t lie 
stratigraphically above Ss-3; and
3. The same distinctive, plant bearing sandstones  tha t  occur 
in association with the Meadow Gulch flysch north of 
fault-2 occur in sam e stratigraphic position south  of fault- 
2 .
The volcaniclastic sandstone sequences of Ss-2 and Ss-1 lie 
stratigraphically below Ss-3 and are not exposed south of fault-2.
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Timing of structural deformation
It is likely tha t east-directed thrusting of the  Moffett Creek 
Formation over the  Gazelle resulted in the  formation of syncline-1 and AS- 
1. The timing of thrusting in the region cannot be clearly established, and 
may be Early Devonian to Mesozoic in age (Hotz, 1977, p. 66). However, 
relative ages  of geologic structures present within the  Gazelle Formation 
can be interpreted on the basis of field observations.
As mentioned above, tw o different types of high angle faults occur 
in the  lower portion of the Gazelle Formation. Fault-1 (type-1) is unique in 
th a t  it exhibits right separation. Fault-2 and numerous other high angle 
faults (type-2) exhibit left separation. It is possible tha t fault-1, syncline- 
1, and AS-1 formed contemporaneously. The evidence for this includes:
1. AS-1 is apparently the  southern extension of syncline-1;
2. Fault-1 is unlike all other high angle faults (type-1 vs. 
type-2) and separa tes  the weakly tilted, upright s tra ta  of 
the  western limb of syncline-1 from overturned stra ta  of 
the  fold and could be a transverse  structure genetically 
related to thrust faulting from the west.
If the  map-scale folds within the  Gazelle Formation are related to 
the  east-directed thrusting of the Moffett Creek, then Fault-2 and the 
numerous other type-2 faults postdate  the thrusting of the  Moffett Creek 
and related structures. Evidence for this interpretation includes:
1. These faults are alike in tha t they trend w est-no rthw est or 
northw est and exhibit left separation;
2. Syncline-1 is truncated by fault-2; and
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3. Strata of syncline-1 and AS-1 are cut by numerous type-2 
faults.
It is possible tha t the  east-vergent thrusting of the  Moffett Creek 
over the  Gazelle is contem poraneous with the  evolution of the  subduction 
complex. Wallin and Trabert (1992) speculated tha t the Moffett Creek 
Formation could be trench-fill associated with the same arc-trench system  
as the  Gazelle Formation. Landward-verging structures have been 
docum ented in association with the Washington and Aleutian convergent 
margins (Seely, 1977; Byrne, 1986).
Deformational Model
Several workers have speculated that strata  of the  Gazelle 
Formation represent sedimentation in a trench-slope basin (Rohr, 1978; 
Cram-Barry, 1990; Lindsley-Griffin e t aL, 1991). Stratigraphic and 
sedimentological evidence, as well as the  structural aspec ts  of the  Gazelle 
support tha t interpretation. As s tated  earlier, the  Gazelle exhibits an 
upsection decrease in deformation. This observation is consis ten t with 
structural trends recognized in both ancient and modern trench-slope 
basins w here deformation is greatest at depth suggesting tha t  the  
deformation occurs while the basin is filling (Moore and Karig, 1976; 
Shipley e t aL, 1982; Moore et aL, 1990; George, 1992). The presence of 
numerous mesoscale folds in the lowermost portion of the  Gazelle 
sugges ts  tha t deformation could have occurred in response to 
syndepositional thrusting within the accretionary complex (Fig. 9).
The severely disrupted strata at the  w estern margin of the  Gazelle 
and the south to north decrease in structural deformation could be the
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result of east-directed thrusting of the  Moffett Creek Formation over the  
Gazelle (Fig. 10). The southern end of the formation appears to have 
absorbed more of the  strain produced by the thrusting. This observed 
north-south variation in strain may have been produced by oblique 
convergence (Fig 10a). As thrusting continued, the  Gazelle may have 
been thrust over the  Gregg Ranch Complex, eventually structurally 
overlying the  Trinity terrane (Fig. 10b). By the time thrusting w as 
complete, the  Moffett Creek may have been entirely thrust over the  
Gazelle (Fig. 10c). The upper plate of the thrust w as  eventually eroded 
away, exhuming the present day exposure of the Gazelle Formation (Fig 
10d).
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S O U R C E
non-channelized 
tabular deposits
IN N E R  TR E N C H  
SLO PE
T R E N C H
Subduction Complex
Strata deposited in the lower 
portion of a trench-slope basin is 
deformed due to syndepositional 
m ovem ent on the accretionary 
prism.
1 Km
Sediment is ponded behind
tectonic ridges of the  
subduction complex
Figure 9. Schematic block diagram depicting the depositional and structural aspects of 
trench-slope basin development. Active thrusting beneath the basin results in deformation of 
strata in the lower portion of the basin. Sediment enters the basin from a point source. The 
narrow elongate geometry of the basin causes sediments transported by sediment gravity 
flows to be deflected by tectonic ridges (sediment dams) of the subduction complex, resulting 
in longitudinal flow with little channelization (adapted from George, 1992).
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Gazelle Formation 
Gregg Ranch Complex
M offett Creek Formation i
(C)
fault-1
fault-2
Figure 10. Hypothetical model for the post-depositional deformation of the Gazelle Formation.
(a) Initiation of east-directed thrusting; (b) continued thrusting places M offett Creek Formation 
over Gazelle at the southern end of the basin, folding accompanies thrusting, Gazelle is thrust 
over Gregg Ranch; (c) M offett Creek may have been thrust entirely over the Gazelle; (d) upper 
plate of thrust is eroded exposing the now structurally deformed Gazelle. Fault-1 could be 
genetically related to thrusting, fault-2 (and other type-2 faults) post-date folding cutting the folds 
at numerous locations.
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SEDIMENTOLOGY OF THE SOUTHERN GAZELLE FORMATION 
Introduction
The sedimentological attributes of a stratigraphic sequence  provide 
evidence concerning the paleoenvironment and paleotectonic setting of the 
depositional basin. Within the Gazelle Formation, te s ts  of radiolarians and 
sponge spicules in siliceous m udstones, and the lack of shallow marine 
deposits  indicate a deep-marine environment of deposition. Transport 
mechanism s capable of carrying terrigenous sediment into a deep-marine 
environment are limited to sediment gravity flows and the gravitational 
settling of particles through the w ater column (Pickering e t a!., 1989). 
Lithotypes and sedimentary structures indicate tha t most of the  s tra ta  within 
the  Gazelle Formation were transported via sediment gravity flows (SGF's). 
Sand-sized detritus, much of the silt-sized component, as well as substantial 
quantities of mud were carried into the Gazelle basin by SGF's as described 
below. Fine-grained terrigenous clastic material transported seaw ard  by 
wind, w aves, or currents, plus te s ts  of pelagic organisms are assum ed to 
have "rained" through the water column, supplying the background 
sedimentation.
Because sediment gravity flows are responsible for a significant 
portion of the  Gazelle Formation, a review of applicable literature is provided 
below. This review is relevant in that it serves as the basic framework upon 
which interpretation of depositional mechanisms will be built.
Sediment Gravity Flow Processes
Sediment gravity flows are mixtures of sediment and w ater tha t  move
41
dow n slope because the  mixtures have a density greater than the  ambient 
fluid (Middleton and Hampton, 1976). SGF's will continue to move if:
a) The shear stress  generated by the  downslope com ponent of 
gravity exceeds the  frictional resistance to flow, and
b) Settling of grains is inhibited by one of several support 
mechanisms.
Middleton and Hampton (1976) classify sedim ent gravity flows into 
four ideal types based on the mechanism of grain support (Fig. 11):
1. Turbidity currents in which grains are supported by fluid 
turbulence;
2. Liquefied flows in which grains are supported by upward 
moving intergranular fluids;
3. Grain flows in which grains are supported by grain 
interaction, either by actual impacts or by viscous forces 
produced by near impacts;
4. Debris flows in which grains are supported by the  matrix 
strength of the flow.
The classification of Lowe (1979) is based on the classification of 
Middleton and Hampton (1976). Lowe describes five end-member types of 
SGF's that, based on their rheology, exhibit either plastic or fluid behavior 
(Fig. 12). Lowe (1976b) points out that grains cannot be both fully 
supported and settling out a t the same time, and sugges ts  tha t the  term 
liquefied flow be redefined and the term fluidized flow be added. The types 
of SGF's as defined by Lowe (1979) are:
1. Turbidity currents in which sediment is supported by flow 
turbulence;
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Sediment Gravity Flows
Individual 
types of 
SGF's
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support
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Currents
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Liquefied
Flows
Upward 
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moving pore 
fluid)_________
Grain
Flows
f l °
Grain
Interaction
(dispersive
pressure)
Debris
Flows
O 1 * " % •
/S>.
Matrix
Strength
Figure 11. Classification of subaqueous sediment gravity flows (adapted from Middleton 
and Hampton, 1976).
Flow
Behavior Flow Type
Sediment Support 
Mechanism
Fluid Fluidal
Flow
Turbidity Current 
Fluidized Flow
Fluid Turbulence
Escaping Pore Fluid 
(full support)
Liquefied Flow Escaping Pore Fluid (partial support)
Plastic DebrisFlow
Grain Flow
Mudflow or Cohesive 
Debris Flow
Dispersive Pressure
Matrix Strength 
Matrix Density
Figure 12. Classification of sediment gravity flows based on flow rheology and particle 
support mechanism (from Lowe, 1979).
2. Fluidized flows in which the sedim ent is fully supported by 
upward moving pore fluid;
3. Liquefied flows in which sediment is not fully supported by 
upward moving pore fluid, but settles through the  pore fluid, 
causing it to be displaced upward;
4. Grain flows in which the sediment is supported by 
dispersive pressure brought about from particle impacts;
5. Cohesive debris flows, or mudflows, in which the  sedim ent 
is supported by a cohesive matrix.
According to Pickering et al. (1989), the  only sediment gravity flows 
capable of long distance transport of sediment into the deep sea on slopes 
of < 1 0 °  are debris flows and turbidity currents (table 2).
Location Bottom gradient in degrees
Upper continental slope 3-6
Lower continental slope 1.5 -3
Continental rise 0.1-1
submarine canyons 1-3
Upper fan channels 0 .2 -0 .5
Middle fan lobes 0 .1 -0 .4
Lower fan 0 .1 -0 .2
Carbonate bank slopes 4 -4 0
Table 2. Typical gradients of basin margin slopes and submarine fans (from Pickering e t at., 
1989).
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Turbidity currents
Deposition from turbidity currents occurs as flow com petence  
decreases  as the  result of a decrease in velocity. Velocity may decrease  as 
a result of any of the following (Pickering, 1989):
a) Decrease in slope gradient;
b) Flow divergence;
c) Increase in the  internal friction of the  flow;
d) Increase in bed friction;
e) Decrease in flow density due to deposition.
As sta ted  above, turbidity currents are sediment gravity flows in 
which the  grains are suspended by turbulence. Two types of turbidity 
currents are recognized (Middleton and Hampton, 1976; Lowe, 1982):
1. Low-density turbidity currents are capable of transporting 
clay, silt, and fine- to  medium-grained sand sized particles. 
Particles are maintained in suspension by turbulence alone, 
largely independent of sediment concentrations.
2. High-density turbidity currents are capable of transporting 
up to cobble sized clasts. Sediment is maintained in 
suspension by turbulence, hindered settling, buoyant lift, 
and dispersive pressure. Sediment concentrations of > 15% 
are required to maintain larger grains in suspension.
There is no positive evidence (i.e. pillow and dish structures, inversely 
graded traction carpet layers, large-scale cross-stratification) indicating tha t 
Gazelle stra ta  were deposited by high-density turbidity currents; therefore, 
only low-density turbidity currents are discussed here.
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Evidence from marine geology indicates tha t large, low-density 
turbidity currents are capable of transporting sand-sized sedim ent for 
thousands  of kilometers over very gentle slopes (Middleton and Southard, 
1984). Deposition from low-density turbidity currents and the  resulting 
sedimentary structures have been extensively discussed in the  literature and 
are described only briefly here (Bouma, 1962; Walker, 1965; Middleton and 
Hampton, 1976; Middleton and Southard, 1984).
Bouma (1962) described the sequence of sedimentary facies and 
associated  sedimentary structures tha t occur within stra ta  deposited from 
low-density turbidity currents (Fig. 13). The graded or structureless
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ripples, w avy or 
convoluted lam inae
Low er part of 
low er flo w  regim e
-----------------  — B Plane parallel 
laminae
Upper flo w  regim e  
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no traction transport, 
possible quick (liquified) 
bed
Figure 13. Ideal sequence of sedimentary structures in a turbidite sequence (after Bouma 
1 9 6 2 ). Interpretations from Walker (1965), Middleton (1967 ), S tow  and Bowen (1980 ).
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(Bouma Ta) facies may be the  result of rapid deposition, en masse, resulting 
in the  formation of a "quick" bed (Middleton, 1967). Alternatively, the  
Bouma Ta facies may form as the result of high sedim ent aggradation rates 
capable of inhibiting traction sedimentation, which could suppress  the  lateral 
segregation of grains to  the  point where parallel laminae are unable to form 
(Arnott and Hand, 1989). Bouma Tb and Tc facies divisions are the  result of 
traction sedimentation as the  flow decelerates and is no longer able to 
maintain particles in suspension (Middleton, 1967). The overlying Td results 
from suspension sedimentation with some traction sedimentation during 
deposition to form fine laminae. Bouma Te is the  result of suspension 
sedimentation of the  finest particles (Walker, 1965).
Shales
As a result of structural deformation, the  thick (up to 175 meters) 
shale sequences  tha t  occur in the  southern portion of The Gazelle Formation 
are commonly fractured into "pencils". The effect of this nearly ubiquitous 
fracturing is to hinder interpretation of sedimentological processes 
responsible for the  deposition of this volumetrically significant lithotype.
Any sedimentary structures tha t may have formed during deposition have 
either been destroyed or obscured beyond recognition. The dearth of 
sedimentological evidence within shales makes interpretation of depositional 
processes  difficult a t best. It is likely that the  shale sequences  within the  
Gazelle are the  result of both sediment gravity flows and the  gravitational 
settling of terrigenous particulate material through the w ater column. 
Terrigenous material is effectively transported seaw ard by both fluvial and 
eolian processes.
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Fluvial processes account for the vast portion (70 to  80%) of 
suspended sediment introduced into the oceans, with clay- and silt-sized 
detritus comprising about 50%  of the total suspended m atter (Emery and 
Milliman, 1978). Studies have shown that suspended matter in 
concentrations exceeding 0 .25  milligrams per liter usually extends 50  to  200  
kilometers offshore with a maximum extent of about 500  kilometers (Emery 
and Milliman, 1978). The total sediment load entering the  oceans as the 
result of river discharge is estimated at 13.5 x  109 tons/year (Weaver, 
1989). This figure takes into account tha t most of the  sedim ent is 
deposited on alluvial plains and in deltas, and only 24%  reaches the ocean. 
Only during major catastrophes such as storms or floods does much 
sedim ent escape  the nearshore area.
Atmospheric transport
Atmospherically transported sediment (aerosols) are distributed in 
three  general ways: local fallout, tropospheric fallout, and stratospheric 
fallout. Garrels and MacKenzie (1971) estimated tha t about 0 .5 4  x  10 14 
grams of wind transported material falls on the  oceans every year. The 
oceans  receive about 0 .0 7 4  x  1014 grams of dust tha t  falls from the 
s tra tosphere  in a years time (Weaver, 1989). The total am ount of 
atmospheric dust tha t reaches the ocean is approximately 0 .6  x  1 0 14 grams 
per year, or 6  x  107 tons per year. This atmospherically derived material is 
2 0  to 30%  of the  sediment tha t is deposited annually on abyssal plains 
(Weaver, 1989). Thus, the settling of atmospherically derived sediment 
through the w ater column may account for substantial accumulations of 
fine-grained detritus in marine environments.
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Various reports of the  size distribution of atmospheric dust com es 
from data collected from ships at sea, perm anent snow  fields, and glaciers. 
These reports indicate tha t  > 5 0 %  of the  particles are < 0 .0 0 2  millimeters in 
diameter, with a mean value of about 0 .0 0 4  millimeters in diameter 
(Weaver, 1989). There is a significant decrease  in particle size with 
distance from shore which corresponds with a decrease  in quartz content 
and an increase in illite and mica content offshore. Windom (1975) 
provided data on the  transport potential for particles of varying diameter at 
differing heights of injection (Fig. 14).
Nepheloid layers
Near the  bottom of many large areas of the  ocean floor there  are thick 
layers of fine-grained suspended material called nepheloid layers. Within 
nepheloid layers, sediment is maintained in suspension by bottom currents 
(Weaver, 1989). There are significant volumes of sedim ent within nepheloid 
layers, but if deposited instantaneously, the resulting sediment layer would 
only be betw een 0 .015  and 0 .150  millimeters thick (Weaver, 1989). Stokke 
e t at. (1977) reported on data obtained from a nepheloid layer associated
10 *
E
eo
t  10
o
1 0
10 "  1 0 4 
d is ta n c e  t r a v e le d  (km )
10
Figure 14. Horizontal transport of particles of various diameters (density =  3 .0  g /cm 3) for 
different heights of injection in the Northern Hemisphere Westerlies. From Windom (1 9 7 5 ).
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with the  Nitinat Fan off the  coast of Washington. They determined that:
1. The thickness of the nepheloid layer is variable;
2. Sediment accumulation rates are highest in areas w here the 
layer is thickest (> 1 2 .5  mg/cm2/year);
3. During the  course of their investigation, the  position and 
geometry of the nepheloid layer remained relatively constan t 
for a period of four years;
4. Material within the nepheloid layer w as  not primarily the  
result of resuspended bottom sediments; and
5. There w as a net downward movement of particles from the 
nepheloid layer which in the  area of this study, contributed 
significantly to lutite deposition.
It is important to note tha t nepheloid layers are typically unable to 
support sedim ent tha t  is larger than 0 .0 0 4  millimeters in diameter (Weaver, 
1989). Thus, significant accumulations of grains larger than the  clay size 
grade cannot be attributed to deposition from nepheloid layers.
Turbidity currents
As discussed above, substantial accumulations of fine-grained 
terrigenous sedim ent can be attributed to suspension sedimentation in a 
deep-marine environment. There is however, evidence suggesting that 
shale sequences  within the Gazelle Formation are, a t least in part, the  result 
of processes  other than suspension sedimentation:
1. Shales are commonly silty, and intercalated with thin beds 
of sand;
2. No traces  of burrowing organisms have been observed;
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3. Shales are black to grayish-black; and
4. Shales occur in sequences up to 175 meters thick;
As noted above, nepheloid layers can not account for the  deposition 
of sediment grains larger than .004  millimeters in diameter, and 8 6 % of 
suspended material resulting from fluvial discharge is deposited in nearshore 
environments. Shales within the Gazelle contain a substantial silt-sized 
com ponent and som e sand-sized detritus. Eolian processes are capable of 
transporting som e silt-sized terrigenous detritus considerable distances if 
sufficient height is reached. It is possible tha t  all silt- and sand-sized grains 
tha t  occur in association with these  shales are derived from a combination 
of eolian and fluvial processes contributing sedim ent to surface w aters  with 
subsequen t gravitational settling through the w ater column. Such 
suspension sedimentation may have occurred over a long interval of 
geologic time giving rise to  the thick shale sequences , but another 
mechanism m ust be considered.
Low-density turbidity currents capable of transporting only fine­
grained sedim ent have been described in the  literature (Stow, 1979; S tow  
and Bowen, 1980; S tow  and Shanmugam, 1980; Lowe, 1982; S tow  and 
Piper, 1984). Fine-grained turbidites are a widespread, volumetrically 
significant facies in the  deep sea, and occur as very thin to very thick beds 
deposited rapidly from a single mass flow (Stow and Piper, 1984). Fine­
grained turbidites tha t occur alone are, in some cases , the  distal equivalents 
of thicker-bedded, coarser-grained turbidites, but they may also occur 
without the  proximal coarse facies updip. Typically, the  silt-sized material is 
observed as laminae a t the  bases of individual beds, but disorganized muddy 
turbidites have been reported in the literature (Stow and Piper, 1984).
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The apparent lack of trace fossils also argues for deposition from 
turbidity currents. If sedimentation rates were sufficiently high, the  energy 
regime near the  substra te  may have been inhospitable for burrowing 
organisms. The absence  of burrowers could also be attributed to  an anoxic 
environment. Burrowing organisms find poorly oxygenated muds equally 
inhospitable. The black to grayish-black color of Gazelle shales is consis tent 
with an "anoxic" interpretation.
Preservation of organic matter is essential to the formation of black 
shale. There are three main ways of preserving relatively high 
concentrations of organic matter in deep-sea sediments:
1. By increasing the supply of organic matter,
2. By increasing the rate of sedimentation, and
3. By decreasing the oxygen content of the  w ater overlying the 
sedim ent (Arthur et al., 1984).
Organic carbon is supplied to marine sedim ents from primary 
biological productivity in the surface waters, and by terrigenous input from 
rivers and eolian processes. Areas of increased primary productivity occur 
w here deep (below 150 to 250  meters) nutrient-rich w aters  com e to the 
surface along an equatorial belt, along northern and southern polar divergent 
zones, and along the w estern margin of the major continents (Demaison and 
Moore, 1980). Supplies of terrigenous organic matter are controlled by 
fluvial discharge, climate, and vegetation in the  drainage area. Therefore,
tropical regions receive more terrestrially derived organic matter than polar
or arid regions (Arthur e t a/., 1984).
Marine and terrigenous organic matter can be supplied to deep-water 
sedim ents by:
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• Settling through the w ater column (Arthur e t a!., 1984);
• Mobilization of shelf and slope sedim ents rich in organic- 
carbon by nepheloid layers or turbidity currents 
(Summerhayes, 1981).
Preservation of organic carbon and organic carbon content are 
positively correlated with high sediment accumulation rates (Ibach, 1982). 
High sedimentation rates facilitate the rapid burial of organic matter, 
effectively removing it from zones of bioturbation and oxic decomposition. 
Although effective, rapid burial rates result in more poorly preserved organic 
material than is the  case  under anoxic conditions (Arthur e t al., 1984).
There are tw o "end member" causes for anoxia in natural waters:
1. Excessive oxygen demand, and
2. Deficient oxygen supply.
Even w aters  with a normal oxygen supply can become anoxic. This anoxic 
environment occurs in areas of very high primary productivity wherever the 
oxygen supply near the bottom of the sea is insufficient to oxidize the  load 
of descending dead organic matter (Demaison and Moore, 1980).
Two physical properties of water control oxygenation of bottom 
waters:
1. An increase in density as the  result of increasing salinity, 
and (or) decreasing temperature; and
2. A decrease in oxygen solubility caused by an increase in 
water temperature.
If oxygen-rich surface water becomes denser because of increased salinity 
due to  evaporation or because of a decrease in tem perature, it "sinks" to 
the  bottom and circulates there as an aerating undercurrent (Demaison and
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Moore, 1980). This circulation within discrete horizons causes  vertical 
stratification within bodies of water, in terms of temperature, density, and 
salinity. The m ost common cause of anoxia is the incapacity of the  oxygen 
supply in w ater to  meet the biochemical demand for oxygen. Therefore, if 
there is a lack of vertical mixing and oxygen renewal in deep w ater, an 
anoxic environment may develop (Demaison and Moore, 1980).
Wyrtki (1962) wrote, "Biochemical processes are responsible for the  
existence of oxygen minima, but circulation is responsible for the  position 
(of such  a minima)."
Summary
As suggested  earlier, both suspension sedimentation and low density 
turbidity currents probably contributed to deposition of the  thick shale 
sequences  tha t  occur in the southern part of the  Gazelle Formation. In 
modern arc-trench system s, the minimum distance from the volcanic arc to 
the  trench is about 100 kilometers (Dickinson and Seely, 1979), and as far 
as 4 0 0  kilometers (Van der Lingen and Pettinga, 1980). This would require 
silt-sized terrigenous particles to undergo 75 to 350  kilometers of transport 
before reaching the surface waters above the slope, . Given the above 
discussion regarding the capacity of eolian and fluvial processes to transport 
terrigenous detritus over long distances, it is difficult to reconcile the  
pervasively silty nature of the shales within the Gazelle Formation using only 
suspension sedimentation. The fact tha t shale sequences  are silty and up to 
175 meters thick argues against suspension sedimentation as the only 
depositional mechanism. But, the lack of recognizable sedimentary 
structures indicates tha t  suspension sedimentation is a likely depositional
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mechanism. The apparent lack of burrowing organisms, and the black color 
of the  shales could be attributed to an anoxic substra te  or rapid 
accumulation of sediments as the result of turbidity currents. There is no 
single line of evidence tha t supports one depositional mechanism over 
another. It seem s likely tha t both turbid flow and settling of particles 
through the  w ater column have resulted in the  shale sequences  tha t  are 
present within the  Gazelle Formation.
Siltstones
Approximately 27%  of the  Gazelle is siltstone tha t occurs in 
sequences  of thin- to medium-beds up to 125 meters thick (Fig. 15). 
Siltstones are structureless or parallel laminated; laminated beds commonly 
overlie structureless units. Laminae are millimeter-scale, and defined by 
grain size (up to very fine sand) and lighter color. Laminae are continuous 
or discontinuous, wispy, or convolute. Sedimentary structures th a t  occur 
within siltstones include millimeter-scale flame structures, convolute 
laminae, and thin asymmetrical ripples. Siltstones are often intercalated 
with thin- to  medium-beds of shale or siliceous mudstone. Contacts  
be tw een siltstones and subjacent strata are often sharp (Fig. 16). As 
discussed above, silt-sized terrigenous detritus can be deposited in a deep- 
sea  environment by gravitational settling of particles through the  w ater 
column. However, the sharp basal con tac ts  and sedimentary s tructures 
within Gazelle siltstones indicate deposition by turbidity currents.
Bouma (1962) described the vertical succession and depositional 
conditions for turbiditic sequences (Fig. 13). The Bouma sequence  of
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Figure 15. Photo of siltstone outcrop.
Figure 16. Photo of siltstone beds showing sharp basal contacts.
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sedim entary structures is commonly used in describing sand turbidites, but 
S tow  and Piper (1984) have used the  sam e basic vertical succession  and 
depositional mechanisms and applied them in interpretation of silt turbidites 
(Fig. 17). Siltstones within the Gazelle Formation exhibit characteristics 
similar to  those  described by S tow  and Piper (1984):
• Structureless siltstones correspond to facies A;
• Parallel laminated and (or) convolute laminae are equivalent 
to  facies B or D;
• Strata containing asymmetrical ripples may correspond to 
facies C; and
• Shale beds overlying laminated siltstones correspond to 
facies D and E.
S tow  and Piper (1984) point out tha t the complete sequence  (A-F) rarely 
occurs, and tha t CDE and DE sequences are most common. This lack of
/  I ?
PELAGITE
Hemipelagic or pelagic sedim ent, biogenic, 
bioturbated
fuRBIDITE MUD
Mud, graded, commonly bioturbated, ±graded 
± laminated
.................. TURBID ITE'sTlT..............
Fine silt, parallel-laminated alternating silt and minor clay, 
often with synsedimentary deformational structures, graded
Medium silt, cross-laminated, rarely convolute, graded
Medium silt, parallel-laminated, ±graded
Medium-coarse silt or sandy silt, structureless, 
poor or no grading, some floating clasts tscoured base
Figure 17. Silt turbidite facies model. Structural divisions follow Bouma (1962) (from Stow and 
Piper, 1984).
com plete  sequences  is consistent with observations made with regard to 
s ilts tones within the  Gazelle. Partial sequences, AB, ABC, and DE occur. 
The evidence indicating tha t siltstones within the  Gazelle Formation were 
deposited from silt turbidites is reasonably compelling. There is evidence 
suggesting tha t siltstones occurring within sandstone sequences  may be a 
distal facies of sandy turbidites (Fig 6 ). The thick sequences  of siltstone 
could also be a distal facies of sandy turbidites, or the  result of silt- 
dominated turbidites tha t have occurred alone.
Siliceous m udstones
Volumetrically, about 17%  of the strata in the  southern part of the 
Gazelle Formation are siliceous mudstones occurring in sequences  up to 45 
m eters thick. Siliceous mudstones are black, thin- to medium bedded, 
contain radiolaria and sponge spicules, and structureless or parallel 
laminated. Laminae are millimeter-scale and defined by silt-sized grains and 
lighter color. Laminae are continuous, discontinuous, convolute, or wispy. 
Other sedimentary structures tha t occur within siliceous m udstones include 
thin asymmetrical ripples and millimeter-scale flame structures; tops  of beds 
occasionally exhibit burrow traces. Contacts between siliceous m udstones 
and subjacent strata  are sharp and frequently erosional as evidenced by 
scour surfaces. Siliceous mudstones contain decimeter-scale intercalations 
of turbiditic sandstone and matrix supported breccia. Siliceous m udstones 
also occur in decimeter-thick sequences of mudstone/shale couplets.
Figure 18 is a detailed measured section from a portion of the 
pseudocore  collected from Meadow Gulch. In addition to the  laminated 
siliceous mudstone, a slightly organized, matrix-supported breccia and four
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Thickness in
centimeters
//7/Trr̂ .
debris 
► flow  
deposit
normally 
► graded 
sandstone
normally 
> graded 
sandstones
/]T r t r T,
Figure 18. Detailed measured section of siliceous mudstone showing location and graphic 
representation of sedimentary structures. Possible comparisons to the facies divisions of Stow  
and Shanmugam (1990) are shown. Symbols represent horizons where flame structures and 
asymmetrical ripples occur.
beds of normally graded sandstone  occur within the measured interval. The 
breccia is composed of pebble-sized siliceous mudstone clasts  in a coarse 
sand-sized matrix, and is slightly organized in tha t the  largest clasts are at 
the  bottom of the bed. It is likely tha t  the  breccia is a debris flow deposit. 
The slight normal grading indicates tha t cohesion alone w as incapable of 
supporting the largest clasts. The normally graded sandstones  are typical of 
the  Ta division of Bouma (1962), and are interpreted as deposits resulting 
from turbidity currents. Both the debris flow deposit and the turbiditic 
sands tones  provide convincing evidence that the siliceous m udstones within 
the  Gazelle were deposited in an environment w here multiple sediment 
gravity flow events were occurring.
Many deep-sea terrigenous successions are commonly dominated by 
muds; in many settings betw een 50%  and 80%  of this mud is of turbidite 
origin (Stow and Piper, 1984). Piper (1978) proposed the  subdivision of 
Bouma's (1962) E division into three parts, from top to bottom:
• E3 ungraded mud,
• E2 graded mud,
• E1 laminated mud.
S tow  and Shanmugam (1980) subdivided Piper's schem e into eight 
divisions. S tow  and Shanm ugam 's complete sequence from top to  bottom 
is as follows (Fig. 19):
• P pelagite or hemipelagite, bioturbated,
• T8 turbidite (± p a r t  pelagite), microbioturbation,
• T7 ungraded mud, occasionally with silt pseudonodules,
• T6 graded mud, often with dispersed silt lenses,
• T5 wispy convolute silt laminae in mud,
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• T4 indistinct, discontinuous silt laminae in mud,
• T3 thin, regular, continuous parallel silt laminae in mud,
• T2 thin, irregular, slightly lenticular silt laminae in mud, 
often with low-amplitude climbing ripples,
• T-| thick mud layer, often with thin convolute silt laminae,
• Tq thick, basal, lenticular, silt lamina, often with starved 
ripples a t the  top, microlaminated interior and scoured, load- 
c as t  base.
According to  S tow  and Shanmugam (1980), the  sedimentary 
s tructures associated with the various divisions are the due to decelerating 
flow and the resulting movement of bedforms by tractional currents. The
E3
E2
E1
P
T2
Ti
To
PELAGITE/HEMIPELAGITE  
Bioturbation, microbioturbation 
UNGRADED TURBIDITE M U D
GRADED TURBIDITE M U D  
±  Silt lenses
W ispy silt laminae 
Indistinct silt laminae
Regular parallel 
silt laminae
Irregular, thin lenticular 
silt laminae
A
2 |  O CO 
<  DC
0 1 -
Convolute silt laminae 
Thick basal lenticular silt lamina
Figure 19. Mud turbidite facies model. Structural divisions after Piper (1 9 7 8 ) and S tow  and 
Shanmugam (1980). A fter S tow  and Shanmugam (1980).
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alternating silt and mud laminae may be the result of sorting of silt grains 
from clay floes caused by increased shear in the bottom boundary layer the 
S tow  and Bowen, 1980). The pelagic or hemipelagic muds at the  top of 
sequence  are the result of the gravitational settling of sedim ent through the 
w ater column (Stow and Shanmugam, 1980).
Siliceous mudstones within the Gazelle Formation bear striking 
similarities to the  mud turbidites mentioned above. No complete mud 
turbidite sequences  were observed, but S tow and Shanm ugam  (1980) point 
out tha t a wide range of variations is possible, and the  complete se t  of 
divisions is rarely present in any one bed. Analysis of "pseudocores" 
collected from outcrops of the southern part of the  Gazelle reveal tha t basal 
(T0123 ) sequences  are present. The structureless and bioturbated beds are 
interpreted as pelagic or hemipelagic deposits resulting from gravitational 
settling of particles through the water column.
Volcaniclastic sandstones
Volcaniclastic sandstones  are greenish-gray, very fine- to coarse­
grained, thin- to thick-bedded, and either structureless or parallel stratified. 
C ontacts  between sandstones  and subjacent strata are sharp and locally 
scoured; rip-up clasts of siliceous mudstone or siltstone commonly occur at 
the  bases  of sandstone  units. Volcaniclastic sandstones  occur in sequences  
tha t  generally fine- and thin-upward, and are laterally traceable over several 
kilometers (Fig. 20). Volcaniclastic sandstone "sequences"  are up to  80 
m eters thick and are composed of both individual, and amalgamated beds of 
sands tone  with intervening beds of siltstone, siliceous m udstone, and shale. 
Individual sandstone beds are up to three meters thick and amalgamated
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Figure 20 . Photograph of volcaniclastic sandstones showing fining- and thinning-upward  
sequences
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units are up to 16 meters thick; intervening units are up to  18 m eters thick 
(detailed measured sections of volcaniclastic sandstones  appear in appendix 
A; T s-1 ; Ts-2; Ts-3).
Volcaniclastic sandstones  were deposited from low-density turbidity 
currents as  evidenced by partial Bouma sequences Ta and Tab. The bases 
of amalgamated sequences  are generally composed of thick beds consisting 
of coarse  sand-sized grains. The overlying units gradually becom e finer 
grained and more thinly-bedded upsection. The tops of volcaniclastic 
sands tone  sequences often consist of thin-beds of siliceous siltstone. 
Fining-upward sandstones  are typically interpreted as deposits  resulting from 
channel switching and abandonment. However, there is little evidence of 
channelization within the  Gazelle Formation. It is possible tha t the  smooth 
transition in grain size and bed thickness associated with the  Gazelle could 
be in response to changes in relative sea-level. Figure 21 show s the 
eusta tic  changes in sea-level during Devonian time. As the  figure illustrates, 
several fluctuations in sea-level occurred during the Middle and Early 
Devonian. As mentioned earlier, a ttem pts  to correlate specific stratigraphic 
horizons within the Gazelle Formation with established conodont zones have 
been unsuccessful. Therefore, it is not possible to propose a relationship 
betw een the  fining-upward sandstones and any specific fluctuation in sea- 
level.
Chert-rich flysch
There are tw o chert-rich flysch sequences in the  southern  part of the 
Gazelle Formation. The "Parker Monument" flysch occurs low in the  section 
(see detailed section # 4  in appendix), and crops out near Parker Monument
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(Fig. 5). The "Meadow Gulch" flysch is the stratigraphically highest unit in 
the  map area, and crops out in Meadow Gulch (Fig. 5). Both flysch 
sequences  are composed of repeating beds of thin- to medium-bedded, 
normally graded cherty grit, sandstone, siltstone and shale, with subordinate 
siliceous m udstone. As described earlier, the  M eadow Gulch sequence  is 
distinctive in tha t  the  sandstones contain a species of branching plant. Both 
sequences  exhibit partial Bouma sequences (Tabc, Tde), indicating tha t they 
were deposited by turbidity currents.
Calcareous concretions and lenses
Two types of compositionally similar, but morphologically dissimilar 
calcareous rocks occur within the Gazelle Formation. Calcareous lithologies 
within the  Gazelle occur as concretions and lenses and are classified as 
micritic limestones (Folk, 1962), tha t exhibit varying degrees of 
dolomitization. The calcareous concretions that occur within Gazelle strata  
are subspherical to irregular in shape, very hard, and contain pyrite, barite, 
radiolaria, and sponge spicules. The concretions generally exhibit a 
distinctive rusty-brown weathering rind and are easily identified in the  field. 
Concretions are secondary features tha t exhibit a wide range of shapes , and 
which form by precipitation of minerals around a nucleus in sedim entary or 
pyroclastic rocks (Bates and Jackson, 1978). The relationship betw een 
sedimentary structures in the concretion and those  in the enclosing strata  
can reveal the  time of formation of the concretion (Ehlers and Blatt, 1982, 
p. 393). If laminae curve around the concretion, the concretion must have 
formed soon after deposition of the host strata (Fig. 22a). If laminations 
within the  host strata  pass undeflected through the concretion, the
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concretion must have formed after compaction (Fig. 22b). Both types of 
concretions occur within Gazelle strata  and occur most commonly in 
association with shale sequences, but also occur within sandstones  and 
siltstones.
The calcareous lenses that occur within Gazelle strata  are up to  1.5 
meters thick and extend laterally up to 10 meters. The lenses are parallel 
laminated and exhibit the  same distinctive weathering rind as the  calcareous 
concretions. Laminae are defined by larger grain size, indicating tha t 
tractive sedimentation occurred during deposition. It is possible tha t the 
calcareous lenses are the  product of calcareous mud turbidites tha t 
"migrated" downslope from a shallow shelf. If the  depositional site w as 
below the  carbonate  compensation depth, preservation of carbonate  in mud 
turbidites would require rapid transport and rapid burial. The radiolaria and 
sponge spicules contained within the  calcareous lithologies could have been 
incorporated into the  mud turbidites as they moved across the  ocean floor 
(M.N. Rees, pers. comm, 1992).
The presence of calcareous strata  has implications regarding the 
paleobathymetry of the  basin during deposition of Gazelle strata. If the 
calcareous lenses were deposited by remobilization of pelagic carbonates
Laminated
sedimentary
strata
Concretion Concretion
Figure 2 2 . (a) Concretion formed before strata was compacted, (b) concretion formed after 
strata was compacted.
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then the  Gazelle basin w as located above the carbonate com pensation depth 
(CCD). Likewise, the  preservation potential for calcareous deposits  resulting 
from carbonate  mud turbidites moving downslope is grea test above the  
CCD. The present day CCD is at about four kilometers, but has varied 
throughout geologic time (Pickering e t al., 1988, p .74). The accumulation 
of calcareous stra ta  within the Gazelle Formation could be the  result of 
relative sea-level changes. During relative falls in sea-level, the  Gazelle 
basin may have been above the CCD, thus allowing for preservation of the 
calcareous strata.
Field observations suggest tha t at least some of the  calcareous lenses 
within the  Gazelle are the result of diagenetic alteration of siliceous 
m udstones. This interpretation is based on the observation tha t  discrete, 
laterally traceable beds of siliceous mudstones gradually grade into 
calcareous lithologies.
Discussion
Several workers have used the  radial submarine fan facies 
nomenclature of Mutti and Ricci Lucchi (1972; Fig. 23) in association with 
trench-slope basin strata  (Moore e t a/., 1979; van der Lingen and Pettinga, 
1980; Underwood and Bachman, 1982). While this approach may be useful 
for interpretation of depositional environments associated with som e trench- 
slope basin deposits, it does not seem  particularly useful w hen applied to 
s tra ta  within the  Gazelle Formation. Submarine fans are characterized by 
channel, levee, and overbank deposits with dispersal of sedim ent in a radial 
pattern.
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ANCIENT SUBMARINE FAN FACIES
( /)  S L O P E  -e™  ^ n .
U P P E R  FAN
j  LO W E R  FAN
D I S T R I B U T I O N  OF F A C IE S
F A C I E S
A
B
C
E
F
G
E N V I R O N M E N T
U P P E R  MIDDLE LO W E R
D E P O S I T I O N A L  P R O C E S S E S
D E B R IS  F L O W S ,  LIQUIFIED F L O W S
D E B R IS  F L O W S ,  LIQUIFIED F L O W S ,  
TU RBID ITY  C U R R E N T S  (HIGH 
EN E R G Y )
TU RBID ITY  C U R R E N T S
TU RBID ITY  C U R R E N T S  
(LO W  EN E R G Y )
LIQ U IFIED  F L O W S ,  TURBIDITY 
C U R R E N T 8 ,T R A C T I O N  C U R R E N T S  (?)
S L U M P S ,  DEBRIS F L O W S
P E L A G IC  A HEMIPELAGIC 
SEDIMENTATION
Figure 2 3 . Submarine fan environments and associated facies (from Shanmugam et at., 
1 9 8 5 ). Facies nomenclature after M utti and Ricci Lucchi (1972 ).
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Strata within the Gazelle Formation exhibit little evidence of 
channelization, and contain no apparent levee or overbank deposits. There 
is evidence indicating tha t these  strata  may have been deposited by 
unconfined mass flows:
1. The overall geometry of Gazelle strata  is tabular or shee t 
like, extending the entire width of the  basin;
2. Strata maintain relatively consistent th icknesses throughout 
their lateral extent;
3. There is no significant channelization or associated  levee 
and overbank deposits.
Unconfined turbidite shee t system s occur in several depositional 
environments including: abyssal plains, trenches, forearc and backarc 
basins, and trench-slope basins. The typically elongate shape  of arc-related 
basins often gives rise to longitudinal transport of sedim ent and deposition 
of sedimentary sequences with tabular geometries (Pickering e t a!.r 1989). 
Besides the  overall geometry of strata, other criteria used in recognizing 
sh ee t system s include paleocurrent directions parallel to depositional strike 
and repeated reversals in current direction due to changes in the  location of 
point sources. Careful examination of Gazelle strata  has provided few  
paleoflow indicators. Asymmetrical ripples and small flame structures 
(rarely seen in outcrop) provide only a qualitative impression of paleoflow 
direction, and indicate an eas t  to w est transport of sediment. These  small- 
scale features may not be particularly diagnostic of mean paleoflow 
directions, therefore paleoflow for strata  within the Gazelle canno t be 
reconstructed convincingly.
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Alternatively, it is possible tha t Gazelle strata  represent lower 
submarine fan deposits, facies D and E of Mutti and Ricci Lucchi (1972). 
Facies A, B, and C are not considered here because these  facies are 
characterized by erosional channels. Facies D is characterized by fine- and 
very fine-grained sandstones, siltstones, and shales, deposited by low- 
density turbidity currents. The m ost important aspect of facies D of Mutti 
and Ricci Lucchi is tha t the beds exhibit parallel lamination, and persist 
laterally for up to thousands of meters. The sand/shale ratio ranges from 
1:2 to  1 :9 and pelitic lithologies are typically parallel laminated (Mutti and 
Ricci Lucchi, 1972). The thickness of the  very fine-grained sands tones  and 
siltstones is generally from 3 to  4 0  centimeters, and in som e case s  these  
s tra ta  disappear completely (Mutti and Ricci Lucchi, 1972). Facies F is 
characterized by higher sand/shale ratios (1 :1 ), and thin, irregular, and 
discontinuous beds related to overbank deposition along more or less 
confined channels.
The stratigraphic framework of strata  within the  Gazelle is not 
consis ten t with the  characteristics of lower submarine fan deposits  
summarized above. Strata within the  Gazelle maintain consis tent 
th icknesses and are laterally continuous for kilometers, and sandstones  are 
coarse- to  very fine-grained and occur in amalgamated units up to  80  meters 
thick. It is therefore difficult to argue convincingly tha t Gazelle Formation 
stra ta  represent sediments deposited as part of a radial submarine fan 
system . The depositional model for the  Gazelle Formation is d iscussed 
below.
PETROLOGY
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Introduction
Two distinctly different sandstone petrofacies occur within the  
southern part of the Gazelle Formation are described below:
1. The volcaniclastic petrofacies which occurs  as  mappable 
sequences  in a t least tw o stratigraphic horizons ; and
2. The chert-rock fragment petrofacies which occurs 
sporadically in several stratigraphic horizons as thin- to 
medium-bedded intercalations within siltstones, siliceous 
mudstones, and shales.
For this study, detrital modes were established using the  Gazzi- 
Dickinson point counting method (Gazzi, 1966; Dickinson, 1970) and 
plotted on the  following provenance discrimination diagrams (Dickinson and 
Suczek, 1979):
• Total quartz-feldspar-lithic fragments (QtFL),
• Monocrystalline quartz-feldspar-total lithic fragment 
(QmFLt),
• Polycrystalline quartz-volcanic lithic fragment-sedimentary 
lithic fragment (QpLvLs), and
• Monocrystalline quartz-plagioclase feldspar-potassium 
feldspar (QmPK).
Ten samples from the volcaniclastic petrofacies, and five samples from the 
chert-rock fragment petrofacies were point counted. Sample locations for 
thin sections used in petrologic analysis are shown in Appendix 1 and Plate 
1 .
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Volcaniclastic petrofacies
The volcaniclastic sandstones  tha t crop out in the southern  portion of 
the  Gazelle Formation are greenish-gray lithic w ack es1. Sandstones  are 
coarse- to very fine-grained2 and moderately sorted3, consisting of 55%  
lithic fragments, 39%  feldspar, 6 % monocrystalline quartz, and 10%  matrix 
(Table 3). Plagioclase grains are mostly angular4, and elongate5; lithic 
fragm ents are angular to subrounded and typically elongate, which could be 
due, in part, to  post-depositional compaction; monocrystalline quartz grains 
are subangular, and generally subequant. Grain con tac ts6, in decreasing 
order of abundance, include long, concavo-convex point, and floating. 
A ccessory minerals observed include pyrite, epidote, biotite, and chlorite.
Analysis of the physical characteristics of detrital quartz is, to  som e 
degree, useful in determining the provenance of sandstones. Volcanic 
quartz is basically strain-free and may exhibit em baym ents (Pettijohn e t al., 
1987, p. 256). Fisher (1984) suggested tha t fracturing of quartz crystals 
can occur in association with subaqueous pyroclastic flows as a result of 
sudden quenching. Quartz grains observed within sandstones  of the  Gazelle 
Formation are exclusively monocrystalline, and exhibit straight or slightly 
undulose extinction. Approximately 50%  of the  quartz grains are em bayed, 
about 20%  are fractured, and less than 5% contain inclusions. With the 
exception of rare grains containing inclusions (indicative of a granitic or 
hydrothermal source), the above mentioned characteristics sugges t  a 
volcanic source terrane for the  quartz within the sandstones  of the  Gazelle.
1 Sandstone classification of Dott (1964 ).
2Grain size classification of Folk (1968 ).
3Sorting classification of Pettijohn e t al. (1972 ).
4Roundness classification of Powers (1953 ).
5Elongation indices of Folk (1968).
6Grain contact classification of Pettijohn et at. (1987).
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Feldspar grains within sandstones of the  Gazelle are euhedral to 
subhedral plagioclase; no potassium feldspar w as  observed. Twenty-six 
percent of the  plagioclase feldspars exhibit well developed twinning and are 
relatively unaltered, while 74%  exhibit no twinning. Some feldspar grains 
exhibit incipient albitization (evidenced by irregular twinning) and 
sericitization. More than 99%  of lithic fragments were derived from a 
volcanic source terrane, and less than 1 % are sedimentary rock fragments 
(Table 4).
Interstitial constituents of graywackes occur as cem ents  and matrix 
(Dickinson, 1970). Cement can consist of pore-filling minerals such as 
calcite, chalcedony, zeolite, phyllosilicates, or other minerals uncommon in
ID  # Relative % Description
1 27% Siliceous VRF-equigranular, mostly untwinned plagioclase, ±  tw inned  
plagioclase, ±  quartz, ±  epidote, Incipient interlocking of 
microphanerites
2 10% Siliceous VRF-randomly oriented plagioclase laths in brown to black 
groundmass, ±  chlorite
3 10% Siliceous VRF-mosaic of interlocking tw inned and untwinned  
plagioclase, ±  biotite, ±  chlorite
4 16% Siliceous VRF-seriate, mostly tw inned plagioclase, incipient 
interlocking of microphanerites
5 8% Siliceous VRF-microlites are mostly tw inned plagioclase, plagioclase 
phenocrysts up to 0 .3  millimeters in diameter
6 2% Siliceous VRF-aligned plagioclase laths in brown to black groundmass
7 19% Siliceous VRF-seriate, mostly untwinned plagioclase in felted black 
groundmass, ±  incipient lathwork texture, ±  tw inned plagioclase, ±  
quartz, ±  chlorite, ±  epidote
8 7% Intermediate VRF-very similar to grain type #7 , difference is more 
groundmass and less siliceous microphanerites
9 .16% SRF-quartzofeldspathic siltstone in black matrix
10 .16% SRF-siliceous mudstone, ±  radiolaria
11 .18% SRF-micaceous siliceous mudstone
Table 4 . Identification number, relative abundance, and description of lithic fragments 
observed within the sandstones of the Gazelle Formation. VRF =  volcanic rock fragm ent, 
SRF =  sedimentary rock fragment.
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framework grains. Matrix is subdivided into four categories:
1. Protomatrix is unrecrystallized clayey lutum in weakly 
consolidated rocks;
2. Orthomatrix is recrystallized protomatrix;
3. Epimatrix is interstitial material grown in pore spaces  during 
diagenesis (including cement); and
4. Pseudomatrix is a discontinuous interstitial material formed 
by the  deformation of mechanically w eak  framework grains 
as the  result of compaction or pressure solution.
Volumetrically, ten percent of the sandstones  within the  Gazelle 
Formation consist of matrix, virtually all of which, can be considered 
"pseudomatrix" according to the  classification of Dickinson (1970). 
Pseudomatrix within Gazelle sandstones occurs as:
• Phyllosilicates (biotite and chlorite) commonly mashed and 
wrinkled between framework grains;
• Less com petent microlitic volcanic rock fragm ents that 
occur as "wisps" extending into narrow openings betw een 
undeformed, com petent grains; and
• A mosaic of randomly oriented, interlocking plagioclase 
crystals locally exhibiting albite twinning, with som e poorly 
developed lathwork texture. The texture and composition of 
this matrix type is similar to tha t of volcanic rock fragments 
one and four (Table 3), but show s no distinct grain 
boundaries, and therefore must be considered pseudomatrix. 
Alternatively, this matrix type may be cem ent resulting from
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the  dissolution and recrystallization of plagioclase and other 
silicates.
Modal analysis
Examination of the  detrital modes of sandstones  from known tectonic 
settings has led to  the  establishment of provenance discrimination diagrams 
based on sandstone  composition (Dickinson and Suczek, 1979; Dickinson, 
1982; Dickinson, 1985). Each provenance type contributes distinctive 
detritus to associated  sedimentary basins tha t  occupy a finite number of 
tectonic settings (Dickinson, 1985). To establish provenance, detrital 
modes (Table 4) are plotted on ternary diagrams tha t contain empirically- 
defined fields delineating the  various tectonic or paleotectonic settings.
Sandstones  within in the southern part of the  Gazelle Formation plot 
in the transitional magmatic arc field on the  QtFL and QmFLt diagrams, and 
in the  magmatic arc field on the QpLvLs and QmPK diagrams (Fig. 24).
The fact tha t  sandstones  of the Gazelle plot within these  fields indicates 
tha t these  sedim ents were derived from a volcanic source terrane.
Diagenesis
Volcanogenic sediments are generally characterized by highly reactive 
materials such as glass, volcanic lithic fragments, and plagioclase. Typical 
diagenetic reactions include replacement of plagioclase by zeolites, 
albitization of plagioclase, replacement of glass shards by zeolites, 
replacement of volcanic lithic fragments by zeolites and phyllosilicates, and 
alteration of plagioclase producing clay rims. Plagioclase grains occurring 
within volcaniclastic sandstones of the Gazelle Formation appear to  have 
maintained their original composition and are not pervasively altered. These
U ndissected  arc
M ixed
B asem ent
uplift
D issec ted
arc■  = volcaniclastic sandstones, n=10  
•  =  chert-rich petrofacies, n=5 Transitional arc
U n d issec ted  arc
Figure 24. Provenance discrimination diagrams for sandstones from the southern part of the 
Gazelle Formation.
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plagioclase grains exhibit only minor albitization and sericitization, and do 
not exhibit clay rims. No zeolites were observed within volcaniclastic 
sands tones  of the  Gazelle.
Chert-rock fragment petrofacies
T: '.a chert-rock fragment petrofacies (CRFP) occurs as thin- to 
mec _ds intercalated within the  other lithotypes of the  Gazelle 
Formation. This lithotype contains granule to very coarse-sand sized grains, 
and is poorly sorted, consisting of 56 .1%  lithic fragments (exclusive of 
chert), 3 4 .8%  chert, 3 .4 %  plagioclase, 2 .3%  monocrystalline quartz, 0 .1%  
polycrystalline quartz, and 3 .3%  matrix (Table 5). Including chert, ninety 
percent of the  CRFP consists of lithic fragments. Lithic fragments (Table 6 )
ID # Relative % Description
1 3 7 .7 % Chert-gray, some has a "dirty" appearance, some with sparse mica
2 3 .6 % Siliceous VRF-plagioclase phenocrysts in interlocking mosaic of 
plagioclase microphanerites
3 1 .9% Siliceous VRF-mosaic of bladed plagioclase, ±  chlorite
4 0 .7 % Intermediate VRF-plagioclase laths in dark groundmass
5 1 .7% Intermediate VRF-plagioclase phenocrysts in dark groundmass, ±  
quartz, ±  chlorite
6 2 .0 % Mafic VRF-mostly dark groundmass, some plagioclase laths, 
±  plagioclase phenocrysts, ±  quartz
7 1 .1% Mafic VRF-euhedral plagioclase phenocrysts, some plagioclase laths, 
some dark groundmass, ±  spheroids with chlorite rims
8 1 7 .1 % SRF-siliceous mudstone, black, ±  radiolarian ghosts, ± silt-sized 
grains, varying amounts of phyllosilicates
9 5 .9% SRF-siltstone, quartz grains, ±  mica, ±  chlorite, ±  plagioclase
10 1 3 .8 % SRF-quartzofeldspathic siltstone, micas parallel alignment of micas, 
±  sand-sized grains, ± chlorite
11 1 1 .3% SRF-shale, ± silt-sized grains
12 3 .2 % SRF-very fine-grained quartzofeldspathic sandstone, ±  shale 
fragments, ±  chert fragments
Table 6. Identification number, relative abundance, and description of lithic fragments 
observed within the CRFP of the Gazelle Formation. VRF =  volcanic rock fragment, 
SRF = sedimentary rock fragment.
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are generally subangular and subelongate; chert c lasts  are angular to  sub- 
angular and elongate; plagioclase grains are mostly angular and elongate; 
monocrystalline quartz grains are sub angular and subequant. Grain 
con tac ts  are predominately long and concavo-convex; observed accessory  
minerals include biotite and chlorite. The rare monocrystalline quartz and 
plagioclase grains associated with the CRFP exhibit characteristics virtually 
identical to those  observed in association with the  volcaniclastic sandstone 
petrofacies. The chert-rock fragment petrofacies contains a very small 
percentage  of protomatrix; all other matrix is classified as pseudomatrix 
(Dickinson, 1970), and occurs mostly as shale and siliceous m udstone 
c lasts  m ashed betw een other framework grains. The only diagenetic 
tex tures  observed in association with the CRFP are incipient albitization and 
sericitization of plagioclase grains.
Modal analysis
On the QpLvLs provenance discrimination diagram, the  chert-rock 
fragm ent petrofacies samples plot in the collision suture  and fold-thrustbelt 
source provenance field (Fig. 24). Chert-rich sandstones  often plot in this 
provenance field due to deposition of sediments derived from mdlange 
terranes  caught along suture belts (Dickinson and Suczek, 1979). Dickinson 
and Suczek also point out tha t debris from subduction complexes may be 
indistinguishable from chert-rich collision derived detritus.
On the QmFLt and QtFL diagrams, CRFP samples plot within the  lithic 
recycled and mixed provenance fields respectively, which is an indication of 
a subduction complex source. Tectonic ridges on an active subduction 
complex may form structural highs between the trench and the  volcanic arc. 
In som e places, these  structural highs may be exposed as isolated sediment
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sources containing variable proportions of greenstone, chert, argillite, 
graywacke, and other melange constituents (Dickinson and Suczek, 1979). 
These exposed sedim ent sources would provide material for chert-rich 
deposits  in trench and trench-slope regions. The key indication of sand 
derived from a subduction complex source is an abundance of chert grains 
(Dickinson and Suczek, 1979).
Discussion
Although compositionally dissimilar, both the volcaniclastic sandstone  
petrofacies and the chert-rock fragment petrofacies provide petrological 
evidence indicating tha t the Gazelle Formation w as deposited in an arc- 
trench setting. The high Lv/Ls ratio exhibited by the  volcaniclastic 
sands tones  represents deposits formed during times w hen arc-derived 
detritus w as funneled into the  Gazelle basin. The abundance of chert and 
the  high Ls/Lv ratio within the  CRFP indicates tha t there  were times when 
arc-derived sedim ents did not pass freely into the  basin, and the primary 
sedim ent source w as  the subduction complex.
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PALEOTECTONIC SETTING OF THE GAZELLE FORMATION 
Introduction
It is well established tha t  the  Gazelle Formation w as  deposited in 
som e portion of an arc-trench system. The evidence for this interpretation 
includes:
• An abundance of volcanic lithic fragments within Gazelle 
sandstones;
• The sandstones within the Gazelle Formation plot within the 
magmatic-arc provenance field of Dickinson and Suczek 
(1979).
• The Gazelle overlies melange of the Gregg Ranch Complex; and
• The Gazelle lies between the Central Metamorphic Belt, an 
east-dipping Devonian subduction zone (Peacock and Norris, 
1989), and the Redding Terrane (Fig. 1), a coeval volcanic arc 
(Miller, 1989).
The depositional processes, vertical succession of s tra ta , geometries, 
and substra tes  of depositional basins within trench-slope environments are 
well docum ented from both modern and ancient system s worldwide (Moore 
and Karig, 1976; Dickinson and Seely, 1979; Underwood and Bachman, 
1982; Moore et a!., 1982; Kulm, 1982; Thornburg and Kulm, 1982; Von 
Huene and Arthur, 1982; Fergusson, 1985). Within an arc-trench system  
there  are three tectonic settings where thick accumulations of turbiditic 
s tra ta  occur (Fig. 25):
1. The forearc (forearc basin),
2. The slope (trench-slope basins), and
Id
ea
liz
ed
 
A
rc
-T
re
nc
h 
Sy
st
em
83
V /̂N- >/ C /-
:<';cllCOcC-c1o '< c ^ . i1l> > iv.ik
'PS'S'ix ijPS'i'X  i}rS'- §
I i V  ' \ V  i ! \ £ _  5 W < i ~ o- o ?  ®> | V  - v V i s  N - -  v- ' . V  IV  .
v '  s '"  /  \ v«- /  \*** *. \ f  %**■
<■) r  > ;w i ' < ;  r  > r  ?
84
3. The trench (trench-fill).
It is therefore possible to compare the characteristics of the  Gazelle 
Formation with those  of modern and ancient forearc, slope, and trench 
deposits. The Gazelle Formation exhibits the  following characteristics:
• It occupies a narrow, elongate area of approximately 22 x  8 
kilometers;
• It is a sedimentary sequence composed largely of turbiditic 
shale, siltstone, mudstone, and volcaniclastic sandstone , 
with a minimum thickness of 1.13 kilometers;
• Shale is the most abundant rock type;
• Basal portions of the  section are mostly shale and siliceous 
mudstone;
• The vertical succession of strata  within the  Gazelle coarsens 
and thickens upward (the sand/shale ratio increases 
upward);
• Within the coarsening- and thickening-upward sequence  
there are smaller-scale fining- and thinning-upward 
sequences;
• Strata occurring low in the section are more deformed than 
stra ta  high in the  section; and
• The Gazelle overlies m6 lange of the Gregg Ranch Complex . 
Other studies of modern and ancient sedimentary basins in arc-trench 
system s are examined critically below as potential analogues for the  Gazelle 
Formation.
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Sedimentary deposits in an arc-trench setting
With the  exception of longitudinally-derived trench fill sequences , 
terrigenous sediments entering an arc-trench system  are derived principally 
from the  associated volcanic arc. Sediments may enter the  forearc by 
fluvial p rocesses  and then become dispersed by deltas or submarine fans. 
Upon entering the  forearc, transverse movement of sedim ent may be limited 
to  submarine canyons (Dickinson and Seely, 1979). Large submarine 
canyons are often associated with major river system s and transport 
terrigenous detritus derived from the rivers downslope (Underwood and 
Karig, 1980). Very large submarine canyons have sufficient erosive 
capability to cut past the  forearc and slope, and deliver coarse  sedim ents to 
the  trench floor. Smaller submarine canyons not fed by large river system s 
may terminate in the  forearc region (giving rise to radial submarine fans) or 
on the  slope (Underwood and Karig, 1980). The vertical successions  of 
s tra ta  within the individual depositional environments of arc-trench system s 
exhibit both similar and different attributes.
Forearc basins
The Great Valley Sequence (GVS) of California has been extensively 
studied, providing a model for forearc basin developm ent (Dickinson, 1970). 
The GVS occupies an area of 500 x  65 kilometers with a stratigraphic 
th ickness of 12 to 15 kilometers (Dickinson and Seely, 1979). It is bounded 
to  the  w es t  by the Franciscan Complex melange, to the  eas t  by the  Sierra 
Nevada Batholith, and is deposited upon oceanic crust. The GVS is 
com posed of volcaniclastic sandstones  with minor conglomerate, 
m udstones, and siltstones.
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It should be noted tha t available evidence indicates tha t  the  Gazelle 
Formation w as  deposited in some portion of an immature Devonian island 
arc-trench system , and tha t the GVS represents forearc strata  associated  
with a mature continental arc-trench system . The GVS is described here 
because  it is very well studied and the vertical succession of the  GVS is 
typical of other forearc basins, in tha t turbidites and associated deep-marine 
stra ta  are overlain by shallow-marine strata  upsection, all of which is 
typically deposited on oceanic crust (Dickinson and Seely, 1979). Turbiditic 
stra ta  of the  GVS exhibit evidence of both longitudinal and transverse  
paleoflow.
Trench fill deposits
Sedimentation in the  area of the  trench is influenced by the  landward 
encroachm ent of the  oceanic plate and the  seaw ard transport of terrigenous 
clastic detritus. If large submarine canyons are erosive enough to  cut 
through the slope, arc-derived sediments may be funneled into the  trench 
and dispersed laterally along the trench axis by turbidity currents or other 
mass flows (Nilsen and Zuffa, 1982). If terrigenous sedim ents are trapped 
in the  forearc or on the  slope, the trench is said to be "starved" and may 
consist mostly of hemipelagic or pelagic sedim ents carried into the  trench by 
the  subducting oceanic plate rather than by continentally derived turbidites 
(Nilsen and Zuffa, 1982).
Trench-fill deposits range from several hundred to several thousand 
kilometers long and up to 1 0 0  kilometers wide, with stratigraphic sequences  
from less than  one kilometer to five kilometers thick. Recognition of trench 
fill deposits com es from examination of modern and ancient system s
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worldwide. Typically, trench-fill is characterized by long, narrow deposits 
containing coarsening upward sequences of longitudinally transported 
turbidites tha t overlie older pelagic sediments. Table 7 is a summary of 
trench fill characteristics.
Trench-slope basins
Marine geological and geophysical data collected from the Sunda 
Trench and other locations worldwide, has led to the  developm ent of a 
model for the  evolution of the  inner trench slope (Moore and Karig, 1976; 
Karig e t a/., 1980; Stevens and Moore, 1985). The model sugges ts  tha t 
sedim ents are stripped off of the  subducted oceanic crust and accreted in 
fold or thrust packages to  the base of the  lower trench-slope. These 
accre ted  sediments are characterized by a laterally extensive ridge and 
trough topography.
Location Geometry Vertical succession of 
strata
Reference
Chile Trench •  2 0 0 0  x 25  km
•  2 km thick
•  coarsening upward 
turbiditic sequence
•  overlies older pelagic 
sediment
Thornburg and Kulm 
(1987 )
Sunda Trench, 
Sumatra
•  5 0 0 0  km long
•  variable width
•  coarsening upward 
turbiditic sequence
•  overlies older pelagic 
sediment
Moore e t at., (1982)
Chugach 
terrane of 
southern 
Alaska
•  at least 2 0 0 0  
km long
•  up to 100  km 
wide
•  3 -5  km thick
•  coarsening upward 
sequence
•  deposited on ocean 
floor
Nilsen and Zuffa 
(1982)
Peru Trench •  1 km thick •  coarsening upward 
turbiditic sequence
•  overlies pelagic and 
hemipelagic sediment
Kulm e t at., f1 985)
Table 7. Location, geometry, and vertical succession of some trench fill deposits.
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In the  lower trench slope, active thrusting occurs a t the base of each 
ridge. Here the  ridges (thrusts) are separated horizontally by 2 to  3 
kilometers. The ridges form dams, obstructing the movement of sedim ents 
dow n the inner trench slope. This damming of sedim ents results in the 
formation of small basins filled by pelagic and hemipelagic sedim ents tha t 
are ponded in the  troughs between ridges. As sedim ents accumulate and 
horizontal compression continues, the thrust slices are tilted landward 
causing the  outboard ridge to rise, increasing the  height of the 
sedim ent dam. This increase in height allows wider (10 kilometers) and 
thicker (1 0 0 's  of meters) sedimentary sequences to develop in the  upper 
regions of the  slope (Moore and Karig, 1976). Continued m ovement along 
the  thrusts  causes  syndepositional deformation of stra ta  low in the  section.
Turbidites dominate sedimentation in slope basins; in lower slope 
basins, reworked hemipelagic sediments tha t occur as turbidites are 
common. Terrigenous turbidites dominate on the upper portion of the  slope 
because  submarine canyons cut downslope and allow turbidites to flow into 
the  basins. Submarine canyons are common in upper slope basins, but are 
a minor com ponent in lower slope basin sedimentation (Underwood and 
Karig, 1980).
Exposures of mid-Tertiary trench-slope deposits on Nias Island w est  
of Sumatra, Indonesia, allow recognition of the  horizontal associations as 
well as vertical sedimentary sequences tha t occur within trench-slope basins 
(Moore e t a!., 1979; Moore and Karig, 1980). On Nias, structurally 
coherent Neogene sedimentary rocks of the "Nias Beds" (trench-slope basin 
strata) occur betw een linear belts of chaotically deformed rocks (Oyo 
Complex melange).
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A summary of Nias Beds characteristics follows:
• They occupy an elongate region with a stratigraphic 
thickness of 2000  to 3 0 0 0  meters. However, this could be 
overestimated by as much as 1 0 0 % due to  undetected 
thrust faults (Moore et at., 1979);
• They consist of mostly turbiditic marls and sandstone , with 
minor conglomerate;
• Marl is the most abundant rock type;
• The vertical sequence coarsens and thickens upward 
(sand/shale ratio increases upward);
• Within the coarsening and thickening upward sequence  
there are smaller scale fining- and thinning-upward 
sequences;
• Basal portions of the  section consist of marls and thinly 
bedded turbidites;
• Strata low in the  section are more deformed than stra ta  high 
in the  section; and
« The Nias Beds overlie the melange of the Oyo Complex .
The facies tha t occur within the  Nias Beds are grouped into lower 
slope-basin and upper slope-basin facies associations. The abundance of 
fine-grained sedim ents in the basal portion of the  section represent lower 
slope-basin facies. The upper-slope basin facies consist of coarser, 
terrigenous stra ta  tha t overlie and are interbedded with lower slope-basin 
s tra ta  (Moore eta!., 1980).
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Discussion
As sta ted  above, sequences  of stra ta  tha t occur within forearc 
basins, trench-slope basins, and trench-fill deposits have both unique and 
com m on attributes:
• All contain sedim ents deposited by turbidites;
• All may exhibit longitudinal paleoflow; and
• All may contain small scale fining- and thinning-upward 
sequences  superimposed on an overall coarsening- and 
thickening-upward sequence; but
♦ Forearc basin strata  typically shallow upward, and overlie 
oceanic crust; and
♦ Trench-fill deposits are floored by older pelagic sediments; 
while
♦ Trench-slope basins are deposited on melange.
Deposition of the  Gazelle Formation
The model describing the  evolution of trench-slope basins has been 
d iscussed above. In essentially every respect, the characteristics of the  
Gazelle Formation are analogous to those  of well docum ented trench-slope 
basins. The geometry, stratigraphic succession, and sedim entary and 
structural style are alike in essentially every respect . Typically however, 
sedim ent dispersal within trench-slope basins is described in association 
with radial submarine fans (Moore e t a/., 1979; Underwood and Bachman; 
1982). Normark (1970) describes three distinct morphological divisions for 
radial submarine fans:
1. The upper fan is characterize by leveed fan valleys 
containing mostly thick-bedded coarse-grained sands;
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2. The mid-fan area is characterized by distributary channels 
and overbank deposits; and
3. The lower fan consisting of bioturbated muds with little or 
no sand.
There is no evidence indicating tha t the  Gazelle Formation w as  a part 
of a radial submarine fan system. There is little evidence of channelization 
and no sign of levee and overbank deposits within the  Gazelle. The 
sheetlike geometry of the  strata within the Gazelle (discussed earlier) could 
be the  result of sedim ent gravity flows entering the  basin from a point 
source (submarine channel) and then deflected laterally by a tectonic ridge 
(sediment dam) of the  subduction complex (Fig 9). It is also possible tha t 
terrigenous detritus entered the Gazelle basin as unconfined turbidity 
currents.
Vittori e fa / .  (1981), acknowledge that submarine channels play an 
important part in routing sediment to the trench-slope, but also describe 
w ha t they refer to as "cascade feeding". In the  process of cascade  feeding, 
sedim ents are transferred sequentially from one trench-slope basin to 
another by basin infilling and spill-over. It is also possible tha t  the thickness 
of the turbidity flows overstepped the height of the  ridges, or tha t flow 
velocities were high enough to transport the sedim ent load over the  ridge 
c rests  (Underwood and Norville, 1986). However they are activated, 
unconfined turbidity currents must increase in width. Pilkey et at. (1980) 
have described unconfined turbidity currents tha t spread across areas in 
excess  of 4 0 ,0 0 0  x 100 kilometers. The sheetlike geometry of stra ta  within 
the  Gazelle Formation could be the  result of unconfined turbidity currents 
entering the  Gazelle basin by either of the above mechanisms.
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As mentioned above, lower trench-slope basins are characterized by 
thick accumulations of fine-grained sediments. These lower trench-slope 
basins are gradually thrust landward as material is accreted to the  base of 
the  slope . As the  subduction complex evolves, lower-slope basins 
eventually occupy a position on the upper trench-slope where they are able 
to  receive coarse-grained terrigenous detritus. With the  exception of the  
Parker M onument flysch sequence, the lower 375  meters of the  Gazelle 
Formation is com posed of shale and siliceous mudstone (Fig. 7). The 
gradual increase in the  sand/shale ratio upsection in the  Gazelle Formation 
could record the  evolution of the subduction complex as discussed by 
Moore and Karig (1976). It is possible tha t the  Gazelle originated as a lower 
trench-slope basin, w as gradually forced landward by continued accretion of 
material to  the  base of the slope, and eventually reached a position on the 
upper trench-slope where coarse-grained detritus w as able to enter the  
basin.
Sea-level may have also been a factor controlling the accumulation of 
coarse-grained turbiditic strata within the  Gazelle. During relative sea-level 
falls, terrigenous sediments can bypass the  shelf through actively incising 
valleys (Posamentier and Vail, 1988). Once the Gazelle basin reached a 
position on the  upper trench-slope, a eustatic fall in sea-level is a likely 
mechanism for the  influx of sand-sized terrigenous detritus. The gradual 
thinning- and fining-upward nature of the  volcaniclastic sandstones  within 
the  Gazelle could be in response to a gradual rise in relative sea-level. Given 
this scenario, coarse  detritus would progressively become trapped further 
upslope and eventually only fine-grained sediment would be deposited in the 
Gazelle basin. Several changes in relative sea-level occurred in the  Early
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Devonian, making this an attractive hypothesis (Fig. 20). Other factors 
which may have influenced input of terrigenous detritus into the  basin 
include thrusting on the subduction complex, raising the  height of a tectonic 
ridge upslope of the Gazelle basin, trapping coarse detritus landward; 
changes  in local base level, either by uplift in the  source area or subsidence 
of the  depositional basin; and climatic changes.
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CONCLUSION
Reconstructing the  internal stratigraphy of the  Early Devonian Gazelle 
Formation has revealed tha t the lower part of the  Gazelle consists  of fine­
grained strata, and tha t the sand/shale ratio increases upward. Turbidites 
were the  dominant depositional process within the  Gazelle basin. Turbiditic 
s tra ta  within the  Gazelle Formation have a sheetlike geometry, and exhibit 
an upsection decrease in deformation. The con tac t betw een the Gazelle 
Formation and subjacent melange of the Gregg Ranch Complex is locally an 
unconformity. Petrological evidence indicates tha t the  sandstones  within 
the  Gazelle Formation were derived from both magmatic arc and subduction 
zone sources, strongly suggesting that the Gazelle w as deposited in some 
portion of an arc-trench system.
It is unlikely tha t strata  within the Gazelle were deposited as trench- 
fill or in a forearc basin because the  Gazelle overlies melange of the  Gregg 
Ranch Complex, not older pelagic sediment or oceanic crust. The fact tha t 
the  Gazelle Formation is encased within melange and consists  of turbiditic 
stra ta  derived from both magmatic arc and subduction zone sources leads to 
the  conclusion tha t the  Gazelle w as deposited in a trench-slope basin. This 
interpretation is supported by the sedimentary, stratigraphic, and structural 
a spec ts  of the Gazelle Formation which are identical to those  of well 
docum ented modern and ancient trench-slope basins worldwide.
The regional tectonic framework of the eastern Klamath Mountains 
supports  the interpretation that the Gazelle basin w as located within an arc- 
trench system. The Gazelle lies between a east-dipping Devonian 
subduction zone (Central Metamorphic belt) and a coeval magmatic arc
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(Redding Terrane), indicating that there are several com ponents of a 
Devonian arc-trench system  preserved within the eastern  Klamath 
Mountains of northern California. A logical next s tep  is to examine in detail 
the  Moffett Creek Formation which lies betw een the  Gazelle Formation and 
the Central Metamorphic belt. If it can be dem onstrated tha t the  Moffett 
Creek consists  of trench-fill as Wallin and Trabert (1992) have suggested , 
then the  only com ponent missing from an "idealized" arc-trench system  is 
the forearc. It is possible tha t the Bragdon Formation which is part of the 
Redding terrane is the  forearc region of this Devonian arc-trench system .
The Bragdon is a shallowing upward sequence tha t locally overlies Devonian 
volcanic rocks of the  Copley Greenstone.
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Appendix A 
Measured Stratigraphic Section 1 
Approximate location: NW 1/4, NE1/4, Section 26, T41N, R8W
Meters TS.1-p.1- D esrrip tin n
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Siltstone: Thinly-bedded; locally exhibits 
millimeter scale, white laminae; black, 
weathered surface is rusty-brown.
Sandstone: Medium-bedded at the base, 
gradually becoming thinly-bedded at the top; 
medium-grained at the base gradually 
becoming fine-grained at the top; greenish 
gray, poorly sorted, angular, and elongate; 
structureless, indurated, weathers to 
rusty-brown, cliff forming.
Appendix A
Measured Stratigraphic Section 1 continued
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Meters.
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Sandstone: Thickly-bedded, coarse- to 
medium-grained, poorly sorted, angular, and 
elongate, greenish gray, structureless, clasts of 
siliceous mudstone at the base, indurated, 
weatheresto rusty-brown, cliff forming.
Siliceous mudstone: Thinly-bedded, structureless, 
locally silty, black, well indurated.
Sandstone: Medium-bedded at the base, 
gradually becoming thinly-bedded at the top; 
medium-grained at the base gradually 
becoming fine-sand sized at the top; greenish 
gray; poorly sorted, angular, and elongate; 
structureless, well indurated, weathers to 
rusty-brown, cliff forming.
Siltstone: Thinly-bedded; locally exhibits 
millimeter scale, parallel to sub-parallel white 
laminae; indurated, black, weathered surface is 
rusty-brown.
Sandstone: Medium-bedded at the base, gradually 
becoming thinly-bedded at the top; fine-grained at 
the base, gradually becoming very fine-grained at 
the top; greenish gray; poorly sorted, angular, and 
elongate; parallel-stratified in the basal 0.05m, 
otherwise structureless; well indurated, 
weatheres to rusty-brown, cliff forming.
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Measured Stratigraphic Section 1 continued
109
Meters
27
26
25
24
23
22
21
20
T S 1-p3 D escrip tio n
:C<-
:• .* .- •• 'i- .. • .v :> .■.
:• .• ; (.• :■.> ;■
Sandstone: Medium-bedded at the base, 
gradually becoming thinly-bedded at the top; 
fine-grained at the base, gradually becoming very 
fine-grained at the top; greenish gray, poorly 
sorted, angular, and elongate; structureless; well 
indurated, weathers to rusty brown, cliff forming.
Siltstone: Thinly-bedded; locally exhibits millimeter 
scale, white, parallel to sub-parallel laminae; 
indurated, black, weathered surface is 
rusty-brown.
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Measured Stratigraphic section 1 continued
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Meters.. T S 1-p 4 D escr ip tio n
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Siltstone: Thinly-bedded, locally exhibits millimeter 
scale, white, parallel to sub-parallel, and (or) 
convolute laminae, black, indurated, weatheres to 
rusty-brown.
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Appendix A
Measured Section 1 continued
1 1 1
Meters TSl_-p5 Descriptinn
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Siliceous mudstone: Thinly-bedded, locally 
exhibits millimeter scale, white, parallel to 
sub-parallel laminae; black, well indurated.
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Measured Section 1 continued
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Meters IS lip fL Descriptions
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Sandstone: Thickly-bedded at the base, gradually 
becoming medium-bedded at the top; coarse-to 
medium-grained at the base, gradually becoming 
fine-grained at the top; greenish gray, poorly 
sorted, angular, equant, structureless, clasts of 
siliceous mudstone in basal 3 meters, well 
indurated, weathers to rusty-brown, cliff forming.
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Measured Section 1 continued
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M eters T s1-p7 Description
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Siliceous mudstone: Thinly-bedded, locally 
exhibits millimeter scale, w hite , parallel 
laminae; black, indurated, locally silty, 
grades upward into siltstone.
Appendix A 
Measured Section 2 
Approximate location: NW 1/4, NW1/4, Section 24, T41N, R8W
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Meters TS2-p1 Description
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Siliceous mudstone: Thinly-bedded, black, 
structureless, indurated, weathered surface is 
rusty-brown.
Sandstone: Thickly-bedded, fine-grained at the 
base, gradually becoming very fine-grained at 
the top; greenish black, poorly sorted, angular- 
to sub-angular, elongate, structureless, well 
indurated, weathers to rusty-brown, cliff 
forming.
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115
Meters
18
17
16
15
14
13
12
11
TS 2-p 2 Description
H  i i i irn ..
.vY : =: / ;  3.-7
. V » ■ ■ ... C f•' ‘ ’ .i- : .• • j•. : v7
•v 1
■s' . t . :  •; 
i -V;-.
■ \  r *« • >•*,/ ' .V "
;  j J-;
,vY _
1 J .v .  J
■v- y.\ '.W Y 
A- - -! ... •'...% 1 t ■' *V— *■ ■ »
i i' »*.*. • •...>."V
.v- / ’-h\
Sandstone: Thin ly -bedded  a t th e  base, gradually  
becom ing  m ed iu m -b ed d ed  a t th e  top; 
fine-grained  a t th e  base, gradually b ecom ing  
m ed ium -g ra in ed  at th e  top; g reen ish  black, 
poorly sorted , angular, e longate , s tructure less , 
w e ll indurated, w e a th e rs  to  ru sty-brow n , cliff 
form er.
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Measured Section 2 continued
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TS2-p2 DescriptionMeters
Sandstone: Thinly-bedded at the base, gradually 
becoming medium-bedded at the top; 
fine-grained at the base, gradually becoming 
medium-grained at the top; greenish black, 
poorly sorted, angular, elongate, structureless, 
well indurated, weathers to rusty-brown, cliff 
former.
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Appendix A
Measured Section 2 continued
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Meters Description
Appendix A
Measured Section 2 continued
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Meters T S 2-p 4 Description
36
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Siliceous mudstone: Very thinly-bedded, locally 
silty, black.
* Most of this measured interval is covered 
section, sparse outcrops indicate the above 
lithology.
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Measured section 2 continued
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Meters T S 2-p 5 Description
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Siltstone: Thinly-bedded, locally exhibits white, 
millimeter scale parallel- to sub-parallel laminae, 
black, weathers to rusty-brown, indurated.
42 —
41
40
Covered section
37
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Sandstone: Thinly-bedded, fine- to very 
fine-grained, greenish black, poorly sorted, 
angular, elongate, structureless, well indurated, 
weathers to rusty-brown, cliff former.
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Measured Section 2 continued
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Meters.
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Sandstone: Thinly-bedded at the base, 
gradually becoming thickly-bedded at the top; 
very fine-grained at the base, gradually 
becoming medium-grained at the top; greenish 
gray, poorly sorted, angular, elongate; basal 2 
meters is parallel stratified, otherwise 
structureless; well indurated, weathers to 
rusty-brown, cliff former
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Measured Section 2 continued
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Meters TS 7-p7 Description
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Sandstone: Thinly-bedded at the base, 
gradually becoming thickly-bedded at the top; 
fine-grained at the base, gradually becoming 
medium- to coarse-grained at the top; greenish 
gray, poorly sorted, angular, elongate, 
structureless, well indurated, weathers to 
rusty-brown, cliff former.
Ts2.2
Description on preceeding page.
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Measured Section 2 continued
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Siltstone: Thinly-bedded, locally exhibits 
millimeter scale, white, parallel- to sub-parallel 
laminae, grayish black, well indurated, 
weathers to rusty-brown.
Appendix A
Measured section 2 continued
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Maters TS2--p9. QescriptiQn
81
80
79 —
78
73
Siltstone: Thinly-bedded, locally exhibits 
millimeter scale, white, parallel to sub-parallel 
laminae, black, weathers to rusty-brown.
77
76
75 —
74
ffl (U
Siltstone: Thinly-bedded, locally exhibits 
millimeter scale, white, parallel to sub-parallel 
laminae, black, weathers to rusty-brown.
Siliceous mudstone: Thinly-bedded, locally 
exhibits millimeter scale, white, parallel 
laminae, black, weathers to grayish-black.
Sandstone: Thinly-bedded, medium-grained, olive 
green, poorly sorted, angular, elongate, 
structureless, friable, weathers to rusty brown.
Appendix A
Measured Section 2 continued
1 2 4
M stars TS7-pin Description
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Covered section
Siliceous mudstone: Thinly-bedded, black, 
structureless, indurated.
Sandstone: Thinly-bedded, medium-grained, 
poorly sorted, angular, elongate, gray, parallel 
stratified, indurated, weathers to rusty-brown.
Siliceous mudstone: Thinly-bedded, locally silty, 
locally exhibits millimeter scale, white parallel to 
sub-parallel laminae, black, indurated.
Sandstone: Thinly-bedded, medium-grained, 
gray, poorly sorted, angular, elongate, 
structureless, indurated, weathers to 
rusty-brown.
Appendix A
Measured Section 2 continued
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M eters ...TS2-p11 Description
99
98 I
Shale: Nonbedded, locally silty, black, 
fractures into pencils.
97
96 — B
:=
95
94 —
Covered section
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Measured Section 2 continued
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Maters TS2=pl2 -Description
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Sandstone: Thinly-bedded, fine-grained, greenish 
gray, poorly sorted, angular, elongate, 
structureless, indurated, weathers to 
rusty-brown.
Siliceous mudstone: Thinly-bedded, locally silty, 
gray to black, structureless, weathers to 
rusty-brown, indurated.
Covered section
Appendix A
Measured Section 2 continued
Meters TS2-p13 Description
117 —
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Siliceous mudstone: Thinly-bedded, locally silty, 
black, structureless, indurated.
Appendix A 
Measured Section 3 
Approximate Location: NE1/4, NE1/4, Section 25, T41N, R8W
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Meters TS3-p1 Description
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Siliceous mudstone: Thinly-bedded, black, 
structureless, indurated, weathers to 
rusty-brown.
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Sandstone: Medium-bedded at the base, 
gradually becoming thinly-bedded at the top; 
coarse- to medium-grained at the base, 
gradually becoming fine-grained at the top; 
gray to greenish black, poorly sorted, angular, 
elongate, structureless, clasts of siliceous 
mudstone up to 2 cm in diameter occur at 
the base, well indurated, weathers to 
rusty-brown, stands out in relief.
Siliceous mudstone: Thinly-bedded, locally 
exhibits millimeter scale, white parallel 
laminae, black, indurated, weathers to 
rusty-brown.
Siltstone: Very thinly-bedded, black, 
structureless, weathers to rusty-brown.
Appendix A
Measured Section 3 continued
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Meters TS 3-p? Description
18
17
16 — I
15 — I
14
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Sandstone: Thinly-bedded, fine-grained, greenish 
gray, poorly sorted, anguiar, elongate, 
structureless, indurated, weathers to 
rusty-brown, stands out in relief.
12
11
Siliceous mudstone: Thinly-bedded, locally 
exhibits millimeter scale, white, parallel to 
sub-parallel laminae, black, indurated, weathers 
to rusty-brown.
10
Sandstone: Thinly-bedded, fine-grained, greenish 
gray, poorly sorted, angular, elongate, 
structureless, indurated, weathers to 
rusty-brown, stands out in relief.
Appendix A
Measured Section 3 continued
1 3 0
_Melers_ ■IS3-P4- Description
Siliceous mudstone: Medium-bedded, locally 
silty, locally exhibits millimeter scale, white, 
parallel to sub-parallel laminae; black, 
indurated, weathers to rusty-gray.
Appendix A
Measured Section 3 continued
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Meters TS3-pB Description
45
44
43 — I
42 — 6
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40
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Siltstone: Medium-bedded, locally exhibits 
millimeter scale, white, parallel laminae, black, 
intercalated with thin beds of siliceous 
mudstone, indurated, weathers to rusty-gray.
Shale: Fissile, black, fractures into small 
pencils.
Appendix A
Measured Section 3 continued
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Sandstone: Medium-bedded at the base, gradually 
becoming thin-bedded at the top; coarse- to 
medium-grained at the base, gradually becoming 
very fine-grained at the top, "salt and pepper" gray 
and black, poorly sorted, angular, structureless, 
well indurated, weathers to rusty-gray, cliff former.
u:-
Siltstone: Medium-bedded, locally exhibits 
millimeter scale, parallel laminae, black, indurated, 
weathers to rusty-gray.
Sandstone: Medium-bedded at the base, gradually 
becoming thin-bedded at the top; fine-grained at 
the base, gradually becoming silt-sized at the top, 
greenish gray, poorly sorted, angular, locally 
exhibits millimeter scale, parallel laminae, well 
indurated, weathers to rusty-gray, stands out in 
relief.
Siltstone: Description on preceding page.
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Measured Section 3 continued
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Covered section
Sandstone: Thick-bedded at the base, gradually 
becoming medium-bedded at the top; 
medium-grained at the base, gradually becoming 
fine-grained at the top; greenish gray, poorly 
sorted, angular, elongate, structureless, well 
indurated, weathers to rusty-brown, cliff former.
Siltstone: Medium-bedded, locally exhibits 
millimeter-scale, white, parallel laminae, black, 
indurated, weathers to rusty-gray.
Sandstone: Description on preceding page.
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Measured Section 3 continued
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Meters TS3-p8 Description
72
70
Siltstone: Thinly-bedded , black, structureless, 
w e a th e rs  to  rusty-brow n.
Sandstone: Th ickly-bedded  a t th e  base, gradually  
becom ing th in ly -bedded  a t th e  top; coarse-grained  
at th e  base, gradually becom ing  silt-sized; clasts of 
siltstone in basal 0 .5  m eters ; g reenish  black, poorly  
sorted, angular, e longate , structureless, w e ll 
indurated, w e a th e rs  to  rusty-brow n, stands out in 
relief.
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Covered section
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Sandstone: Thickly-bedded  a t th e  base, gradually  
becom ing  th in ly-bedded  a t th e  top; coarse-grained  
a t the  base, gradually becom ing  s ilt-sized a t th e  
top; base contains siltstone clasts; g reen ish  black, 
poorly sorted, angular, e longate, s tructure less, w ell 
indurated, w e a th e rs  to rusty-brow n, c liff fo rm e r
Siltstone: Very th in ly-bedded , locally exhib its  
m illim eter-scale , w h ite , parallel lam inae, black, 
indurated, w e a th e rs  to  rusty-brow n.
S andstone: M ed iu m -b ed d ed  at th e  base, gradually  
becom ing  th in ly -bedded  a t th e  top; m ed ium -g ra in ed  
a t th e  base, gradually becom ing  fine -grain ed  a t the  
top; contains s iltstone clasts in basal 0 .2 5  m eters ; 
greenish  black, poorly sorted , angular, e longate , 
structureless, w e ll indurated, w e a th e rs  to  
rusty-brow n, cliff form er.
Appendix A
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Meters TS3-p10 Description
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Sandstone: Thick ly-bedded  at th e  base, gradually  
becom ing  th in ly-bedded  at th e  top; coarse-grained  
a t th e  base, gradually b ecom ing  fine-grained  a t the  
top; gray, poorly sorted , angular, e longate , 
structure less, w e ll indurated, w e a th e rs  to 
rusty-brow n, cliff form er.
87
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84
83 I
82
Siltstone: Thinly-bedded , black, structure less, 
indurated, w e a th e rs  to  rusty-gray.
D escrip tion  on preceding page
Appencix A
Measured Section 3 continued
1 3 7
M eters T S 3-p 1 1 Description
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Siltstone: Th in ly-bedded , locally exhib its  
m illim eter-sca le  w h ite , parallel lam in ae, black, 
indurated, w e a th e rs  to  rusty-brow n .
Description on preceding page
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Measured Section 3 continued
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IS3rp l2 Description
Appendix A
Measured Section 3 continued
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Measured Section 3 continued
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M e te rs . Ts3-p14 Description
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Siliceous mudstone: ~  ' -bedded, locally 
exhibits millimeter-scale, white, parallel to 
sub-parallel laminae, intercalated with thin beds 
of volcaniclastic sandstone, siltstone and 
siliceous mudstone; black, indurated, weathers 
to rusty-brown.
*Some parts of measured interval are covered 
section.
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Siltstone: Thinly-bedded, locally exhibits 
millimeter-scale, white, parallel to sub-parallel 
laminae, intercalated with thin beds of siliceous 
mudstone, shale and fine-grained sandstone; 
grayish black, indurated, weathers to 
rusty-brown.
Appendix A 
Measured Section 4 
Approximate location: NE1/4, Section 20, T41N, R7W
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TS.4_-p1 Description
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Shale: Fissle, black, fractures into pencils.
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Measured Section 4 continued
1 4 3
Meters TS4--P2. Description
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160
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Shale: fissle:, locally silty, black, fractures into 
pencils.
Flysch: schematic representation of repeating beds 
of medium-bedded cherty grit; thinly-bedded 
sandstone, siltstone, and shale.
Siliceous mudstone: Thinly bedded, locally exhibits 
millimeter-scale, white, parallel to sub-parallel 
laminae, black, indurated, weathers to rusty brown, 
intercalated with thin beds of shale,
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Sandstone: Medium-bedded at the base, gradually 
becoming thinly-bedded at the top; 
medium-grained at the base, gradually becoming 
fine-grained at the top, greenish gray, poorly 
sorted, angular, elongate, structureless, well 
indurated, weathers to rusty-brown.
Covered section
Siliceous mudstone: Thinly-bedded, locally exhibits 
millimeter-scale, white, parallel to sub-parallel 
laminae, black, indurated, intercalated with thin 
beds of shale.
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Appendix A 
Measured Section 5 
Approximate location: NE1/4, NW1/4, Section 35, T41N, R8W
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Meters TS5-n1 Description
90 — U g a
80
70
60
50
40
30
20
10
>JSo cn
a)c
U->
0)</)
(0Ou
Siltstone: Thinly-bedded, locally exhibits 
millimeter-scale, white, parallel to sub-parallel, 
laminae, intercalated with thin beds of siliceous 
mudstone, black, weathers to rusty-gray.
Siliceous mudstone: Thinly-bedded, locally exhibits 
millimeter-scale, white, parallel laminae, black, 
indurated.
Appendix A
Measured Section 5 continued
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Meters TSB-p? Description
180
170
160
150
140
130
120
110
100
Shale: fissle:, locally silty, black, fractures into 
pencils.
Siltstone: Thinly-bedded, locally exhibits 
millimeter-scale, white, parallel laminae, 
intercalated with thin beds of siliceous mudstone, 
black, indurated, weathers to rusty-gray.
Shale: fissle:, locally silty, black, fractures into 
pencils.
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Appendix A
Measured Section 5 continued
1 4 7
Meters TS5-p3 Description
270
260
250
240
230
Siltstone: Thinly-bedded, locally exhibits 
millimeter-scale, white, parallel laminae, 
intercalated with thin beds of siliceous mudstone, 
black, indurated, weathers to rusty-gray.
Sandstone: Thinly-bedded, very fine-grained, 
greenish gray, poorly sorted, angular, elongate, 
structureless, indurated, weathers to rusty-brown.
Siltstone: Thinly-bedded, locally exhibits 
millimeter-scale, white, parallel laminae, 
intercalated with thin beds of siliceous mudstone, 
black, indurated, weathers to rusty-gray.
Description on preceding page
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Appendix B
Unit: GAZ Date: 9/26/92
Sample: T91.18 Analyst: DWT
Total pts.= 503 Framework pts.= 498 Lithic count pts.= 481
Counts Percent Counts Percent
Qm 9 1.81 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 8 1.61 matrix 5 1.00
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 5 1.00
Lithic Grain Type Counts % Lt
1) (See descriptions in Table 6) 129 26.82
2) 36 7.48
3) 5 1.04
4) 0 0.00
5) 8 1.66
6) 6 1.25
7) 9 1.87
8) 76 15.80
9) 15 3.12
10) 113 23.49
11) 79 16.42
12) 5 1.04
Counts % Ltw /oLc Counts % Lt w/Lc
Qp= 129 26.82 26.82
Lv= 64 13.31 13.31
Lm= 0 0.00
Ls= 288 59.88 59.88
Lc= 0 0.00
Totals 481 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 27.71 % Q m 1.81 % Q m  52.94 %Qp 26.82 %Lm 0.00
%F 1.61 %F 1.61 %P 47.06 %Lv 13.31 %Lv 18.18
%L 70.68 %Lt 96.59 %K 0.00 %Ls 59.88 %Ls 81.82
Totals 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.93 Lv/L= 0.13 Ls/L= 0.60 Lm/L= 0.00
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Appendix B continued
Unit: GAZ Date: 9/26/92
Sample: T91-27 Analyst: DWT
Total pts.= 497 Framework pts.= 467 Lithic count pts.= 413
Counts Percent Counts Percent
Qm 21 4.50 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 33 7.07 matrix 30 6.42
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 30 6.42
Lithic Grain Type Counts % Lt
1) (See descriptions in Table 6) 278 67.31
2) 15 3.63
3) 17 4.12
4) 0 0.00
5) 13 3.15
6) 6 1.45
7) 4 0.97
8) 19 4.60
9) 5 1.21
10) 14 3.39
11) 29 7.02
12) 13 3.15
Counts % Ltw /oLc Counts % Lt w/Lc
Qp= 278 67.31 67.31
Lv= 55 13.32 13.32
Lm= 0 0.00 0.00
Ls= 80 19.37 19.37
Lc= 0 0.00
Totals 413 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 64.03 % Q m  4.50 %Qm 38.89 % Q p 67.31 %Lm 0.00
%F 7.07 %F 7.07 %P 61.11 %Lv 13.32 %Lv 40.74
%L 28.91 % Lt 88.44 %K 0.00 %Ls 19.37 %Ls 59.26
100.00 100.00 100.00 100.00 100.00
:>/F= 1.00 Qp/Q= 0.93 Lv/L= 0.13 Ls/L= 0.19 Lm/L= 0.00
1 5 0
Appendix B continued
Unit: GAZ Date: 9/26/92
Sample: T91-30 Analyst: DWT
Total pts.= 504 Framework pts.= 473 Lithic count pts.= 452
Counts Percent Counts Percent
Qm 9 1.90 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 12 2.54 matrix 31 6.55
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 31 6.55
Lithic Grain Type Counts % Lt
1) (See descriptions in Table 6) 171 37.83
2) 0 0.00
3) 7 1.55
4) 14 3.10
5) 2 0.44
6) 2 0.44
7) 9 1.99
8) 73 16.15
9) 11 2.43
10) 79 17.48
11) 47 10.40
12) 37 8.19
Counts %Lt w/oLc Counts % Lt w/Lc
Qp= 171 37.83 37.83
Lv= 34 7.52 7.52
Lm= 0 0.00 0.00
Ls= 247 54.65 54.65
Lc= 0 0.00
Totals 452 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 38.05 % Q m 1.90 % Qm  42.86 %Qp 37.83 %Lm 0.00
%F 2.54 %F 2.54 %P 57.14 %Lv 7.52 %Lv 12.10
%L 59.41 %Lt 95.56 %K 0.00 %Ls 54.65 %Ls 87.90
Totals 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.95 Lv/L= 0.08 Ls/L= 0.55 Lm/L= 0.00
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Appendix B continued
Unit: GAZ Date: 9/26/92
Sample: T91-31 Analyst: DWT
Total pts.= 486 Framework pts.= 477 Lithic count pts.= 458
Counts Percent Counts Percent
Qm 10 2.10 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 9 1.89 matrix 9 1.89
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 9 1.89
Lithic Grain Type Counts % Lt
1) (See descriptions inTable 6) 218 47.60
2) 17 3.71
3) 13 2.84
4) 0 0.00
5) 4 0.87
6) 6 1.31
7) 0 0.00
8) 85 18.56
9) 10 2.18
10) 29 6.33
11) 70 15.28
12) 6 1.31
Counts % Ltw /oLc Counts % Lt w/Lc
Qp= 218 47.60 47.60
Lv= 40 8.73 8.73
Lm= 0 0.00 0.00
Ls= 200 43.67 43.67
Lc= 0 0.00
Totals 458 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 47.80 %Qm 2.10 % Qm  52.63 %Qp 47.60 %Lm 0.00
%F 1.89 %F 1.89 %P 47.37 %Lv 8.73 %Lv 16.67
% L 50.31 %Lt 96.02 %K 0.00 %Ls 43.67 %Ls 83.33
Totals 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.96 Lv/L= 0.09 Ls/L= 0.44 Lm/L= 0.00
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Appendix B continued
Unit: GAZ Date: 9/26/92
Sample: C2-30 Analyst: DWT
Total pts.= 503 Framework pts.= 495 Lithic count pts.= 466
Counts Percent Counts Percent
Qm 8 1.62 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 21 4.24 matrix 8 1.62
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 8 1.62
Lithic Grain Type Counts % Lt
1) (See descriptions inTable 6) 72 15.45
2) 15 3.22
3) 0 0.00
4) 2 0.43
5) 2 0.43
6) 25 5.36
7) 2 0.43
8) 135 28.97
9) 93 19.96
10) 77 16.52
11) 31 6.65
12) 12 2.58
Counts % Ltw /oLc Counts % Lt w/Lc
Qp= 72 15.45 15.45
Lv= 46 9.87 9.87
Lm= 0 0.00 0.00
Ls= 348 74.68 74.68
Lc= 0 0.00
Totals 466 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 16.16 %Qm 1.62 % Q m  27.59 %Qp 15.45 %Lm 0.00
%F 4.24 %F 4.24 %P 72.41 %Lv 9.87 %Lv 11.68
%L 79.60 %Lt 94.14 %K 0.00 %Ls 74.68 %Ls 88.32
Totals 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.90 Lv/L= 0.10 Ls/L= 0.75 Lm/L= 0.00
153
Unit: GAZ Date: 9/26/92
Sample: T1G-1 Analyst: DWT
Total pts.= 511 Framework pts.= 473 Lithic count pts.= 258
Counts Percent Counts Percent
Qm 42 8.88 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 173 36.58 matrix 38 8.03
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 38 8.03
Lithic Grain Type Counts % Lt
1) (See descriptions inTable 4) 88 34.11
2) 25 9.69
3) 36 13.95
4) 44 17.05
5) 28 10.85
6) 6 2.33
7) 22 8.53
8) 9 3.49
9) 0.00
10) 0.00
11) 0.00
12) 0.00
Counts % Lt w/oLc Counts % Lt w/Lc
Qp= 0 0.00 0.00
Lv= 258 100.00 100.00
Lm= 0 0.00 0.00
Ls= 0 0.00 0.00
Lc= 0 0.00
Totals 258 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 8.88 %Qm 8.88 % Qm  19.53 % Qp 0.00 %Lm 0.00
%F 36.58 %F 36.58 %P 80.47 %Lv 100.00 %Lv 100.00
%L 54.55 %Lt 54.55 %K 0.00 %Ls 0.00 %Ls 0.00
Totals 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.00 Lv/L= 1.00 Ls/L= 0.00 Lm/L= 0.00
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Unit: GAZ Date: 9/26/92
Sample: T16-4 Analyst: DW T
Total pts.= 490 Framework pts.= 440 Lithic count pts.= 246
Counts Percent Counts Percent
Qm 28 6.36 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 166 37.73 matrix 50 11.36
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 50 11.36
Lithic Grain Type Counts % Lt
1) (See descriptions in Table 4) 73 29.67
2) 10 4.07
3) 26 10.57
4) 51 20.73
5) 34 13.82
6) 2 0.81
7) 27 10.98
8) 23 9.35
9) 0.00
10) 0.00
11) 0.00
12) 0.00
Counts %Lt w/oLc Counts % Lt w/Lc
Qp= 0 0.00 0.00
Lv= 246 100.00 100.00
Lm= 0 0.00 0.00
Ls= 0 0.00 0.00
Lc= 0 0.00
Totals 246 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 6.36 % Q m 6.36 %Qm 14.43 % Qp 0.00 %Lm 0.00
%F 37.73 %F 37.73 %P 85.57 %Lv 100.00 %Lv 100.00
%L 55.91 %Lt 55.91 %K 0.00 %Ls 0.00 %Ls 0.00
s 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.00 Lv/L= 1.00 Ls/L= 0.00 Lm/L= 0.00
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Unit: GAZ Date: 9/26/92
Sample: T17-1 Analyst: DWT
Total pts.= 499 Framework pts.= 427 Lithic count pts.= 187
Counts Percent Counts Percent
Qm 47 11.01 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 193 45.20 matrix 72 16.86
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 72 16.86
Lithic Grain Type Counts % Lt
1) (See descriptions in table V) 46 24.60
2) 16 8.56
3) 25 13.37
4) 36 19.25
5) 15 8.02
6) 0 0.00
7) 22 11.76
8) 27 14.44
9) 0.00
10) 0.00
11) 0.00
12) 0.00
Counts % Ltw /oLc Counts %Lt w/Lc
Qp= 0 0.00 0.00
Lv= 187 100.00 100.00
Lm= 0 0.00 0.00
Ls= 0 0.00 0.00
Lc= 0 0.00
Totals 187 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 11.01 % Q m 11.01 % Qm  19.58 % Qp 0.00 % Lm 0.00
%F 45.20 %F 45.20 %P 80.42 %Lv 100.00 %Lv 100.00
% L 43.79 %Lt 43.79 %K 0.00 %Ls 0.00 %Ls 0.00
Totals 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.00 Lv/L= 1.00 Ls/L= 0.00 Lm/L= 0.00
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Unit: GAZ Date: 9/26/92
Sample: T17-2 Analyst: DWT
Total pts.= 512 Framework pts.= 461 Lithic count pts.= 265
Counts Percent Counts Percent
Qm 44 9.54 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 152 32.97 matrix 51 11.06
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 51 11.06
Lithic Grain Type Counts % Lt
1) (See descriptions in Table 4) 78 29.43
2) 24 9.06
3) 19 7.17
4) 35 13.21
5) 27 10.19
6) 8 3.02
7) 50 18.87
8) 20 7.55
9) 0.00
10) 4 1.51
11) 0.00
12) 0.00
Counts % Lt w/oLc Counts % Lt w/Lc
Qp= 0 0.00 0.00
Lv= 261 98.49 98.49
Lm= 0 0.00 0.00
Ls= 4 1.51 1.51
Lc= 0 0.00
Totals 265 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 9.54 % Qm 9.54 % Qm  22.45 %Qp 0.00 %Lm 0.00
%F 32.97 %F 32.97 %P 77.55 %Lv 98.49 %Lv 98.49
%L 57.48 %Lt 57.48 %K 0.00 %Ls 1.51 %Ls 1.51
Totals 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.00 Lv/L= 0.98 Ls/L= 0.02 Lm/L= 0.00
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Unit: GAZ Date: 9/26/92
Sample: T17-3 Analyst: DW T
Total pts.= 499 Framework pts.= 443 Lithic count pts.= 233
Counts Percent Counts Percent
Qm 44 9.93 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 166 37.47 matrix 56 12.64
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 56 12.64
Lithic Grain Type Counts % Lt
1) (See descriptions in Table 4) 87 37.34
2) 22 9.44
3) 21 9.01
4) 16 6.87
5) 11 4.72
6) 4 1.72
7) 51 21.89
8) 21 9.01
9) 0.00
10) 0.00
11) 0.00
12) 0.00
Counts %Lt w/oLc Counts % Lt w/Lc
Qp= 0 0.00 0.00
Lv= 233 100.00 100.00
Lm= 0 0.00 0.00
Ls= 0 0.00 0.00
Lc= 0 0.00
Totals 233 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 9.93 % Qm 9.93 %Qm 20.95 %Qp 0.00 %Lm 0.00
%F 37.47 %F 37.47 %P 79.05 %Lv 100.00 %Lv 100.00
%L 52.60 %Lt 52.60 %K 0.00 %Ls 0.00 %Ls 0.00
s 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.00 Lv/L= 1.00 Ls/L= 0.00 Lm/L= 0.00
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Unit: GAZ Date: 9/26/92
Sample: TS1-7 Analyst: DWT
Total pts.= 504 Framework pts.= 457 Lithic count pts.= 277
Counts Percent Counts Percent
Qm 10 2.19 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 170 37.20 matrix 47 10.28
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 47 10.28
Lithic Grain Type Counts % Lt
1) (See descriptions inTable 4) 102 36.82
2) 18 6.50
3) 32 11.55
4) 67 24.19
5) 30 10.83
6) 7 2.53
7) 18 6.50
8) 0.00
9) 3 1.08
10) 0.00
11) 0.00
12) 0.00
Counts % Lt w/oLc Counts % Lt w/Lc
Qp= 0 0.00 0.00
Lv= 274 98.92 98.92
Lm= 0 0.00 0.00
Ls= 3 1.08 1.08
Lc= 0 0.00
Totals 277 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 2.19 %Qm 2.19 % Qm  5.56 % Qp 0.00 %Lm 0.00
%F 37.20 %F 37.20 %P 94.44 %Lv 98.92 %Lv 98.92
%L 60.61 %Lt 60.61 %K 0.00 %Ls 1.08 %Ls 1.08
Totals 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.00 Lv/L= 0.99 Ls/L= 0.01 Lm/L= 0.00
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Unit: GAZ Date: 9/26/92
Sample: TS1-8 Analyst: DWT
Total pts.= 494 Framework pts.= 422 Lithic count pts.= 218
Counts Percent Counts Percent
Qm 6 1.42 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 198 46.92 matrix 72 17.06
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 72 17.06
Lithic Grain Type Counts % Lt
1) (See descriptions in Table 4) 56 25.69
2) 12 5.50
3) 32 14.68
4) 34 15.60
5) 14 6.42
6) 4 1.83
7) 66 30.28
8) 0.00
9) 0.00
10) 0.00
11) 0.00
12) 0.00
Counts % Lt w/oLc Counts % Lt w/Lc
Qp= 0 0.00 0.00
Lv= 218 100.00 100.00
Lm= 0 0.00 0.00
Ls= 0 0.00 0.00
Lc= 0 0.00
Totals 218 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 1.42 % Qm 1.42 % Qm 2.94 %Qp 0.00 %Lm 0.00
%F 46.92 %F 46.92 %P 97.06 %Lv 100.00 %Lv 100.00
%L 51.66 %Lt 51.66 %K 0.00 %Ls 0.00 %Ls 0.00
s 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.00 Lv/L= 1.00 Ls/L= 0.00 Lm/L= 0.00
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Unit: GAZ Date: 9/26/92
Sample: TS1-9 Analyst: DW T
Total pts.= 529 Framework pts.= 465 Lithic count pts.= 253
Counts Percent Counts Percent
Qm 14 3.01 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 198 42.58 matrix 64 13.76
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 64 13.76
Lithic Grain Type Counts % Lt
1) (See descriptions inTable 4) 63 24.90
2) 27 10.67
3) 23 9.09
4) 34 13.44
5) 23 9.09
6) 0 0.00
7) 83 32.81
8) 0.00
9) 0.00
10) 0.00
11) 0.00
12) 0.00
Counts % Ltw /oLc Counts % Lt w/Lc
Qp= 0 0.00 0.00
Lv= 253 100.00 100.00
Lm= 0 0.00 0.00
Ls= 0 0.00 0.00
Lc= 0 0.00
Totals 253 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 3.01 % Q m 3.01 %Qm 6.60 %Qp 0.00 %Lm 0.00
%F 42.58 %F 42.58 %P 93.40 %Lv 100.00 %Lv 100.00
%L 54.41 % Lt 54.41 %K 0.00 %Ls 0.00 %Ls 0.00
Totals 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.00 Lv/L= 1.00 Ls/L= 0.00 Lm/L= 0.00
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Unit: GAZ Date: 9/26/92
Sample: TS2-1 Analyst: DWT
Total pts.= 502 Framework pts.= 445 Lithic count pts.= 242
Counts Percent Counts Percent
Qm 24 5.39 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 179 40.22 matrix 57 12.81
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 57 12.81
Lithic Grain Type Counts % Lt
1) (See descriptions in Table 4) 37 15.29
2) 30 12.40
3) 15 6.20
4) 34 14.05
5) 11 4.55
6) 3 1.24
7) 61 25.21
8) 51 21.07
9) 0.00
10) 0.00
11) 0.00
12) 0.00
Counts % Lt w/oLc Counts % Lt w/Lc
Qp= 0 0.00 0.00
Lv= 242 100.00 100.00
Lm= 0 0.00 0.00
Ls= 0 0.00 0.00
Lc= 0 0.00
Totals 242 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 5.39 %Qm 5.39 % Qm 11.82 %Qp 0.00 %Lm 0.00
%F 40.22 %F 40.22 %P 88.18 %Lv 100.00 %Lv 100.00
%L 54.38 %Lt 54.38 %K 0.00 %Ls 0.00 %Ls 0.00
s 100.00 100.00 100.00 100.00 100.00
P/F= 1.00 Qp/Q= 0.00 Lv/L= 1.00 Ls/L= 0.00 Lm/L= 0.00
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Unit: GAZ Date: 9/26/92
Sample: TS2-2 Analyst: DWT
Total pts.= 498 Framework pts.= 464 Lithic count pts.= 280
Counts Percent Counts Percent
Qm 34 7.33 carb intra 0 0.00
K-feldspar 0 0.00 sili intra 0 0.00
plagioclase 150 32.33 matrix 34 7.33
mica 0 0.00 cement 0 0.00
heavy min 0 0.00 indeterminate 0 0.00
matrix (Dickinson) 34 7.33
Lithic Grain Type Counts % Lt
1) (See descriptions in Table 4) 60 21.43
2) 51 18.21
3) 30 10.71
4) 30 10.71
5) 4 1.43
6) 13 4.64
7) 58 20.71
8) 30 10.71
9) 0.00
10) 0.00
11) 4 1.43
12) 0.00
Counts % Lt w/oLc Counts % Lt w/Lc
Qp= 0 0.00 0.00
Lv= 276 98.57 98.57
Lm= 0 0.00 0.00
Ls= 4 1.43 1.43
Lc= 0 0.00
Totals 280 100.00 100.00
QFL QmFLt QmPK QpLvLs LmLvLs
% Q 7.33 % Qm 7.33 %Qm 18.48 %Qp 0.00 %Lm 0.00
%F 32.33 %F 32.33 %P 81.52 %Lv 98.57 %Lv 98.57
%L 60.34 %Lt 60.34 %K 0.00 %Ls 1.43 %Ls 1.43
s
P/F=
100.00
1.00 Qp/Q=
100.00
0.00 Lv/L=
100.00
0.99 Ls/L=
100.00
0.01 Lm/L=
100.00
0.00
